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The Maningoza Suite is a set of Mesozoic igneous sub-volcanic to volcanic complexes 
situated in the Mahajanga sedimentary and volcanic basin in central-west Madagascar. The 
Maningoza Suite is exposed in an area roughly 50 x 80 km and consists of the Ambereny, 
Ambohitrosy, Ankibobozaka, Berevo, Fonjay and Maningoza Complexes. The Maningoza 
Complex also consists of the Ambolodia, Antanetilava and Sambao Formations. 
 
The Maningoza Suite rocks are generally fine- to medium-grained with some rare coarse-
grained rocks occurring in two of the six complexes. Typical minerals found in mafic samples 
are plagioclase, clinopyroxene, Fe-Ti oxides and to a lesser extent olivine. Minerals found in 
felsic samples tend be K-feldspar, plagioclase, Fe-Ti oxides, quartz and clinopyroxene. In 
almost all the rocks secondary minerals are observed with chlorite being the most common 
followed by epidote and calcite. Mineral chemistry of the Maningoza Suite shows a range in 
feldspar compositions from almost pure anorthite through albite to orthoclase for most of the 
complexes. Clinopyroxenes of the Maningoza Suite all have an augitic composition plotting 
below the field of diopside with little variation on the pyroxene quadrilateral. Olivine 
compositions for the Maningoza Suite are magnesium-rich with a range in composition from 
Fo74 to Fo64. The olivine composition of the dyke swarm is slightly more iron-rich with a 
composition from Fo60 to Fo45. Oxide compositions plot on the hematite-ilmenite solid solution 
series and range from 100% hematite to 17% hematite.  
 
The rocks of the Maningoza Suite are classified as basalts, basaltic andesites, andesites, 
trachyandesites, dacites and rhyolites. Also one sample classifies as a basanite and one 
sample classifies as a picrobasalt. The rocks of the dyke swarm classify as basalts, basaltic 
andesites, basaltic trachyandesites, trachytes and rhyolites. The variation in chemical 
composition of these rocks is consistent with fractional crystallisation. The Maningoza Suite 
rocks have whole-rock δ18O values that range from 2.3‰ to 12.1‰ with average of 6.3‰  
(n = 42) and whole-rock δD values that range from -127‰ to -62‰ with an average of -89‰ 
(n = 25). The δD values can be explained by degassing effects and the low δ18O values are 
either an effect of hydrothermal alteration after emplacement or an effect of assimilating a 
low δ18O contaminant. On comparison of the δ18O and δD values the fluid involved in the 
Maningoza Suite is magmatic in origin.  
 
Ar-Ar geochronology of two samples from the Maningoza Suite gives an average age of  
93.4 Ma. The Maningoza Suite rocks have εSr values that range from -23.2 to 187.7 with an 
average of 41.5 (n = 14) and εNd values that range from -11.4 to 10.0 with an average of -2.6 
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(n = 14). The low εNd values and high εSr values indicate fractional crystallisation with 
assimilation of a crustal component. Geochemical modelling of the Maningoza Suite revealed 
estimates of fractional crystallisation that range from 68% to 86% with mineral assemblages 
of 35% - 60% plagioclase, 35% - 50% augite and 5% - 20% Ti-Fe oxide (depending on the 
individual complex). Modelling via simple magma mixing using Sr and Nd isotopes estimate 
up to 35% mixing between a primitive and crustal end-member to fit the majority of the 
Maningoza Suite data. Comparison of mineral composition, bulk rock chemistry and 
radiogenic isotopes from the Maningoza Suite and other Cretaceous igneous complexes 
from Madagascar showed that the Maningoza Suite is similar to the Mailaka Complex, 
located 100 – 200 km SW of the Maningoza Suite, as both have a similar mantle source, 






The Maningoza Suite of Late Cretaceous sub-volcanic to volcanic rocks is situated in central-
west Madagascar, in a geological survey area known to the Council for Geoscience of South 
Africa as Zone F (Figure 1.1). The Maningoza Suite gathers its name from the river that runs 
through the area and through some of the complexes and volcanic sequences of the 
Maningoza Suite. The aim of this thesis is to describe the petrography, bulk rock 
geochemistry, mineral chemistry and the isotopic compositions of the Maningoza Suite 
geology. The age of the Maningoza Suite suggests that its formation is possibly associated 
with Gondwana break-up and/or melts caused by hot spots, for example the Marion Hotspot 
to the south (Duncan 1981, Hartnady and Le Roux 1985 and Dostal et al. 1992). 
 
The project was first given to the University of Cape Town by the Council for Geoscience in 
2007 as an honours project for four students. The Council for Geoscience of South Africa 
had done a land survey of areas demarcated as Zone E and Zone F, shown in Figure 1, and 
wished to study the area further with an inclusion of petrographic and bulk rock geochemistry 
studies. The rock samples of area Zone E was allocated to the University of Stellenbosch 
and the rock samples of area Zone F was allocated to the University of Cape Town. The 
study has been enhanced by the addition of stable isotopes, radiogenic isotopes and mineral 
chemistry studies described in this project. 




Figure 1.1: A topographical map of Central Madagascar showing the locations of Zone E and Zone F 
assigned to the Council for Geoscience for surveying. The area of Zone F is 80x40 kilometres. This 
map was supplied by the Council for Geoscience. 
 




Madagascar has a surface area of 627 000km2 and a size similar to that of Spain (Torsvik et 
al. 1998). Madagascar has a length of 1600 km north to south as well as being 600km at its 
widest point. Madagascar stretches over 14° latitude roughly between 12°S and 26°S (Figure 
1.2). The topography of Madagascar is asymmetric: along 22°S there is a quick rise to 
2000m height over 100km from the Indian Ocean; there is a gradual drop back to sea level 
over 400km towards the Mozambique Channel in the West.  
 
The Mozambique Channel runs at 2-3km below sea level but in the middle it is as shallow as 
500-1000m below sea level. This ridge in the middle of the Mozambique Channel is known 
as the Davie Ridge and is said to be an extinct and deformed transform fault (de Wit 2003). 
This transform fault displaced Madagascar more than 1000km southward from East Africa 




Figure 1.2: Indian Ocean topography from a global digital elevation model from Smith and Sandwell 
1997, showing Madagascar and other relevant tectonic features. 
 
The eastern two-thirds of Madagascar comprises of variably deformed and metamorphosed 
Precambrian granitoids and mafic rocks that are intruded by Cretaceous to Neogene basalts 
and rhyolites. The eastern two-thirds of Madagascar also contain Archaean rocks giving the 
eastern two-thirds of basement rocks ages that range from as old as 3.2 Ga to more recent 
550 Ma (Torsvik et al. 1998 and Ashwal and Tucker 1999). The eastern third of Madagascar 
comprises of extensive, west-dipping Phanerozoic sedimentary and volcanic rocks including 
three basins (Ashwal and Tucker 1999). 
 
As Madagascar broke away from East Africa at about 165 Ma it led to the formation of three 
basins on the west coast of Madagascar (Papini and Benvenuti 1998, Torsvik et al. 1998). 
The three basins contain sedimentary deposits which range in age from Late Palaeozoic to 
Cenozoic. The southern most basin is the Morondava basin and stretches over 1200km 
where it meets the central west basin named the Majunga basin with a length of 600km. The 
basin to the north of the west coast is known as the Diego-Suarez (Ambilobe) basin and has 
a range of 400km (Rakotosolofo et al. 1999). 
 
Madagascar was part of a larger continent during the Neoproterozoic where the final collision 
between East and West Gondwana occurred (Bardintzeff et al. 2001). The Supercontinent 
Gondwana stayed complete until its break up during the Mesozoic (Bardintzeff et al. 2001 
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and de Wit 1999). During the Carboniferous to the Triassic, deposits equivalent to the Karoo 
Supergroup covered the central part of the Supercontinent. These deposits covered the 
western third of Madagascar and three groups have been recorded (Bardintzeff et al. 2001, 
Papini and Benvenuti 1998, and Rakotosolofo et al. 1999). The first group is the Sakao 
Group and was deposited during the Late Carboniferous to Early Permian and is 2000m thick 
with tillites, coals, sandstones and limestones. The second group is the Sakamena Group 
which is 2000-4000m thick and composed of detrital layers deposited during the Late 
Permian to Middle Triassic. The last group is the Isalo Group which was deposited during the 
Triassic to Early Jurassic and is 5000-6000m thick of conglomerates and sandstones. 
 
The Gondwana Supercontinent break up occurred during two events: the first event occurred 
during the Middle Jurassic to the Middle Cretaceous; the second event occurred during the 
Early Cretaceous. The first event generated two continental blocks with the first consisting of 
Africa and South America and the second consisting of Antarctica, Australia, Madagascar 
and Greater India. Madagascar disconnected from Kenya and Somalia and displaced 
laterally along the Davie Ridge within the Mozambique Channel. Madagascar and Greater 
India broke away from each other during the second event and during this there were 
episodes of extensive magmatism within Madagascar. Remnants of these volcanic 
formations are exposed along the Eastern, Southern and Western coasts of Madagascar 
(Melluso et al. 2001 and Bardintzeff et al. 2001). 
 
Outcrops of Cretaceous volcanism and magmatism can be seen all over the island of 
Madagascar as mentioned previously (Figure 1.3). The ages of this magmatism is 
constrained to a relatively short period of time of roughly 6 Ma. The magmatism roughly 
began at 92 Ma and ended at 86 Ma (Storey et al. 1995 and Torsvik et al. 1998). Around 88 
Ma the southern end of Madagascar was the focal point of the Marion Hotspot which is 






Figure 1.3: Map of Madagascar highlighting Cretaceous volcanism and ring complexes as well as the 
location of Zone E and Zone F. After Hottin 1976. 
 
1.1.2 Local Geology 
 
The local geology of Zone F contains two inliers named Bekodoka and Ambohipaky (Figure 
1.4). The Bekodoka and Ambohipaky inliers are Neoarchaean – Proterozoic and are 
amphibole gneisses and amphibole, marble, quartz gneisses (Macey et al. 2007). The inliers 
are unconformably overlain by, and faulted against, Triassic-Cretaceous sedimentary and 
volcanic rocks. This is followed by intrusions of late Cretaceous subvolcanic ring complexes, 
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volcanic flows and associated dyke swarms. The youngest rocks in the area are Miocene 
limestones and Quaternary alluvium (Macey et al. 2007).  
 
The Bekodoka inlier is located in the eastern part of Zone F (Figure 1.4) and the southern 
part of the Bekodoka inlier consists of the Miako Gneiss. The Miako Gneiss (2529 Ma) is of 
the Neoarchaean Betsiboka Suite (Antananarivo domain) and is migmatitic granodioritic 
orthogneisses. The northern two-thirds of the Bekodoka inlier contain the Neoarchaean 
Ambohipaky Group of the Tsaratanana sheet. The Ambohipaky Group consists of 
metagreenstones (amphibolite-facies). A small section in the southwest of the Bekodoka 
inlier has exposed rocks of the Proterozoic Itremo-Ikalamavoney belt. Rock types include 
marble, quartzite and amphibole from the Itremo (855 - 1700 Ma) and Ikalamavoney Group 
(1020 - 1070 Ma) (Macey et al. 2007). 
 
The Ambohipaky inlier is located in the central northern parts of Zone F and contains the 
Andranojongy and Ambohipaky components. The Andranojongy component is about 5 
square kilometres in size and is located 6km west-southwest of the main Ambohipaky inlier 
and is separated by overlying sedimentary rocks. The Ambohipaky component is about 20km 
by 30km in size and is largely faulted. The Ambohipaky inlier is split into north-western and 
south-eastern parts by a southwest-northeast trending fault graben. The Ambohipaky inlier 
geology consists of metagreenstones and is seen as a continuation of the Ambohipaky 
Group from north of the Bekodoka inlier (Macey et al. 2007). 
 
During the Upper Carboniferous to Middle Jurassic rocks equivalent to the Karoo Supergroup 
where deposited on Madagascar as mentioned previously. The mudrocks of the middle of 
the Sakamena Formation form the oldest sedimentary rocks in Zone F. The Sakamena 
Formation is overlain by the sandstones of the Isalo Formation (Isalo I and Isalo II). The 
Andafia Formation is found next with calcareous sandstones and dolomitic limestones 
representing the onset of marine transgression. The Karoo sedimentary rocks are overlain by 
the Bemaraha Formation (limestones) and were deposited during the Upper Jurassic as 
Madagascar moved from Africa (Macey et al. 2007). 
 
The Maningoza Suite is composed of six complexes namely the Ankibobozaka, Ambereny, 
Ambohitrosy, Berevo, Fonjay and Maningoza Complexes with locations shown in Figure 1.4. 
The Maningoza Complex is further subdivided into the Sambao Formation, Ambolodia 






Figure 1.4: Map of Zone F showing the locations of the Cretaceous volcanism and complexes of the 
Maningoza Suite. This map was supplied by the Council for Geoscience. 
 
1.2 Aims of Project 
 
The aim of this study is to document the petrography and chemical analyses of the samples 
of the Maningoza Suite to gain further insight into processes that led to the rifting of the 
Indian Ocean. The aims for achieving this goal are listed below: 
 
• The samples of Maningoza Suite will be studied using thin-section petrography to 




• Mineral chemistry of selected samples will be used to gain data on the composition of 
minerals. These rock samples will be chosen on the basis that they are the best 
representation of mafic and felsic samples from each complex. 
 
• All samples of the Maningoza Suite will be analysed for major and trace element 
data. The data will be used for classification, variation diagrams and rare earth 
element diagrams. 
 
• Oxygen stable isotopes will be used to model the source and evolution of magmas in 
terms of crustal contamination. Hydrogen isotopes will be used to give further insight 
into fluid-rock interaction when combined with oxygen isotopes. 
 
• Radiogenic isotopes strontium and neodymium will allow further modelling of crustal 
contamination. Once contamination processes are understood, it should be possible 
to use the composition of the least contaminated rocks to determine the composition 
of the mantle component in the parental magmas. 
 
• The thin-section petrography, mineral chemistry, major and trace element data as 
well as the isotope data will be used to compare the complexes of the Maningoza 
Suite to one another. Modelling of the evolution of the complexes of the Maningoza 
Suite will be attempted to gain further insights into the processes taking place. 
 
• Comparison with other Madagascan igneous complexes of the same age will be 
examined for similarities and differences. This will help in understanding the extent of 
Cretaceous magmatism in Madagascar. This will be followed up by the comparison of 
the Maningoza Suite with Cretaceous igneous complexes that are found nearby to 
get a better idea of the constraints on processes of Gondwana break-up. 
 
1.3 Previous Studies 
 
The earliest geological work on north-western Madagascar includes the exploration studies 
of Baron and Mouneyres (1904), Dumas (1923), Barrabe (1929), and Hourcq (1949). Studies 
on the basement, sedimentary and subvolcanic complexes are covered by Koenig and 
Tortochaux (1949), Tortochaux (1950), Heilammer (1958), and Boulanger and Riedel (1959). 
Zone F has been covered by geological maps done by Bauer (1958, 1959, 1960, 1961), 
Bauer et al. (1958, 1959), Heilammer (1959), Heilammer and Bauer (1959), Hindermeyer 
 
 9 
and Hourcq (1960), Rasoamahenina et al. (1967, 1968) and Razafimanantsoa (1969). All the 
findings before 1970 were summarised in a textbook by Besairie (1972) and the geological 
map by Besairie (1969). Two PhD thesis were also done on the area, with the first focussing 
on the geology of the Archaean Soalala ironstones (Ranaivoarivelo, 1997) and the second 




2 SAMPLING AND METHODOLOGY 
 
2.1 Sampling of the Maningoza Suite 
 
Sampling of the Maningoza Suite was done by the Council for Geoscience of South Africa in 
April – May 2007. They supplied this project with 6 samples from the Ankibobozaka 
Complex, 22 from the Berevo Complex, 15 from the Ambolodia Formation, 20 from the 
Antanetilava Formation, 14 from the Sambao Formation, 6 from each of the Fonjay and 
Ambereny Complexes, and 9 from the Ambohitrosy Complex. Each sample was of large 
size, roughly 10 x 10 x 10 cm, enough to be representative of the outcrop. 
 
2.1.1 Sampling of the Ambohitrosy Complex 
 
The 9 samples from the Ambohitrosy Complex were only analysed in thin-section 
petrography. Data was taken from Rasolofomanana’s PhD thesis to add major and rare earth 
element data as well as mineral chemistry data to the Ambohitrosy Complex dataset.   
 
2.1.2 Locations and GPS Coordinates of the Maningoza Suite 
 
Figure 2.1 shows a simplified geological map of Zone F and three areas marked A, B and C. 
These areas are expanded in Figure 2.2 (Area A), Figure 2.3 (Area B) and Figure 2.4 (Area 
C) and show the locations of the samples from the Maningoza Suite. The exact GPS 





Figure 2.1: Map of Zone F showing simplified geology and the locations of Maps A, B and C 













Figure 2.2: Area A showing the GPS locations for the Ankibobozaka Complex, Berevo Complex, 
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Table 2.1: Latitude and longitude coordinates for the samples of the Maningoza Suite. Coordinates for 




2.2 Analytical Techniques 
 
2.2.1 Sample Preparation 
 
The samples were split into smaller 3-4cm size pieces using a hydraulic splitter. Weathered 
edges of the samples were discarded to prevent surface contamination. The smaller pieces 
of sample were further reduced using a jaw crusher. Once the sample pieces were crushed 





Mineral analyses were obtained using the Jeol JXA 8100 Electron Microprobe Microanalyzer 
at the University of Cape Town. The electron microprobe is equipped with four wavelength 
dispersive spectrometers and a range of crystals (LDE1, LDE2, PETJ, PETH, TAP, LIF, 
LIFH). The instrument is also fitted with two gas-flow proportional detectors and two sealed 
xenon detectors as well a backscattered electron detector and a cathode luminescence 
detector. The acceleration voltage used was 15kV and the data was corrected using the XAF 
method. A selection of natural and synthetic minerals was used as standards. All standards 
used were appropriate to the mineral being analysed.  
 
2.2.3 Major Element and Selected Trace Element Analysis by XRF 
 
Major elements and selected trace elements (Zr, Sr, Rb, Y and Nb) were analysed using 
wavelength dispersive X-Ray Fluorescence Spectrometry (WDXRFS). The analyses were 
carried out using a Phillips X’Unique wavelength spectrometer at the department for 
Geological Sciences, University of Cape Town. Powder briquettes and fusion discs were 
generated for analysis using a XRF spectrometer using the method described by Willis 1999. 
The powder briquettes were made from 6g of sample and a coating of 4g of boric acid. The 
sample and boric acid coating were then compressed with 10 tonnes of pressure to create 
the powder briquette. The fusion discs were generated by weighing out 2g of sample into a 
crucible. The crucible was then placed in an oven at 110 °C for 4 hours and then roasted 
overnight at 850 °C to determine loss on ignition (LOI) and to oxidise all Fe to Fe3+. The 
crucibles of sample were then removed and 0.7g of the sample was added to 6g of LiT-LiM 
flux that was in the proportion 57:43, with LiBr as the releasing agent. The mixture was then 
melted to form a fusion disc. Analytical errors and detection limits are 95% and 99% (ppm), 




The analysis of selected trace elements by XRF was required as zirconium data obtained by 
ICP-MS is unreliable. Figure 2.5 shows variation diagrams of XRF analyses plotted against 
ICP-MS analyses for zirconium. If both analytical methods yielded the same results a straight 
line would occur, such as for Sr. The zirconium variation diagram shows a number of 
analyses that do not plot to form a straight line. This is due to the fact that zirconium doesn’t 
readily dissolve during the acid digestion process leaving zirconium behind before the ICP-
MS analysis. The XRF data for Zr is then more reliable than the ICP-MS data. The XRF data 
for Nb has an offset of ±5ppm compared to the ICP-MS data. The XRF data for Sr, Rb, Y, Nb 
and Zr as opposed to the ICP-MS data is used in further discussions.  
 























































2.2.4 Trace Element Analysis by ICP-MS 
 
Trace elements including rare earth elements (REE) were analysed by Inductively Coupled 
Plasma – Mass Spectrometry (ICP-MS) using a Perkin-Elmer ELAN 6000. A three-step 
HNO3 acid digestion method following that of Le Roex et al. (2001) was used to obtain 
solutions. Approximately 50 milligrams of sample were weighed out into Teflon containers 
(Savilex beakers) and 4 ml of a 3:1 HF/HNO3 was added. The container was then placed on 
a hot plate for 48 hours for digestion. Once the samples were dry another 2 ml of 
concentrated nitric acid (HNO3) was added and reheated on a hot plate till dry. This 
procedure was repeated once more with 2 ml of concentrated nitric acid. Once the sample 
was dry a final addition of 5% nitric acid was added and the container was moved to a 
centrifuge tube and placed into an ultrasonic bath for dissolution. Once the sample was 
dissolved it was ready for use in the ICP Mass spectrometer. Errors were better than 3%, 
relative, and detection limits were in the lower ppb range. 
 
2.2.5 Ar-Ar Isotopes 
 
Two samples were sent by the CGS to the United States Geological Survey (USGS) for Ar-
Ar geochronology. The samples were prepared by placing 50mg of whole-rock powder in 
copper capsules and sealed under vacuum in fused quartz tubes. The samples were then 
irradiated in the central thimble facility at the Training Reactor Isotopes General Atomics 
(TRIGA) reactor at the USGS in Denver, Colorado (Kunk and McAleer 2008). As per Kunk 
and McAleer (2008), the samples were analysed at the USGS in Denver on a VG Isotopes, 
Ltd. model 1200B mass spectrometer fitted with an electron multiplier using the 40Ar/39Ar step 
heating method of dating. Heating for 10 minutes per step followed a schedule of 5 steps. 
The sample was heated in a molybdenum-lined, tantalum furnace similar to that described by 
Staudacher et al. (1978).  The isotopic data was then reduced using a computer program of 
Haugerud and Kunk (1988), and using the decay constants of Steiger and Jäger (1977).  
 
2.2.6 Sr and Nd Isotopes 
 
Fourteen samples were selected for radiogenic isotope analysis (Sr and Nd) and it was 
decided to analyse at least one mafic and one felsic version of each complex. The chemical 
separation procedure was done following that of Miková and Denková (2007). A standard 
BHVO-2 was also analysed with the samples as well as a blank. The samples were weighed 
out into 7ml Teflon beakers. Approximately 50mg of each powdered sample was used except 
for the Fonjay sample (MI06011) where two sets of approximately 70mg of sample powder 
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was used due to low Nd concentrations. The sample powders were then digested in 4ml of 
4:1 HF:HNO3. The beaker was then closed and left on a hot plate (90°C) for 72 hours. The 
beakers were then opened to dry down the samples and converted to a nitrate by adding 4ml 
of concentrated HNO3 and dried down again. Lastly the samples were redissolved in 1ml of 
2.0M HNO3 and transferred to 1.5ml centrifuge tubes and spun at 4000rpm for 20 minutes. 
 
The supernatant liquids were run through a 200μl Eichrome Sr spec resin bed in polypropene 
columns to collect Sr. There was also REE fraction collection that was later used for REE 
separation and to elute Nd. The Sr fraction was dried down on a hot plate and then 0.2% 
HNO3 was added. It was then run through the Multi-collector ICP-MS machine for Sr isotope 
analysis. The REE fraction was dried down on a hot plate and converted to a chloride first by 
cooling, then adding 2ml of 6M HCl and then drying down. This procedure was done twice 
and then 1ml of 0.5M HCl was added. The samples were then transferred to a 1.5ml 
centrifuge tube and spun at 4000 rpm or 20 minutes. 
 
The samples were then run through an AG 50W cation resin (200 – 400 mesh) in 
polypropene columns to separate REE. The REE separation was collected and dried on a 
hot plate overnight, cooled and then converted to a nitrate by adding 2mls of concentrated 
HNO3 and drying down twice. The samples were then cooled and 1.75ml 0.05M HNO3 was 
added. The samples were then run through 2ml Ln spec resin columns to collect Nd. The Nd 
fraction was then dried down on a hot plate overnight and then cooled. 2% HNO3 was then 
added to the Nd fraction and the Nd fraction was run through the Multi-collector ICP-MS 
machine for Nd isotope analysis. The Fonjay samples were first combined before they were 
run through the ICP-MS machine. 
 
The ICP-Ms machine used was a Nu instruments NuPlasma HR mass spectrometer in 
AEON EarthLAB at UCT. The standard used in the 87Sr/86Sr isotope analyses was NIST 
SRM987 and had an average value of 0.710248 ± 0.000035 (2σ, n = 5) of and the standard 
used in the 143Nd/144Nd isotope analyses was JNdi-1 and had an average value of 0.512088 
± 0.000016 (2σ, n = 5). A DSN-100 desolvating nebuliser was used to introduce the samples 
into the MC-ICP-MS. Each analysis took 10 minutes and the internal standard was run after 
every 5 samples. Instrumental mass fractionation was corrected using the exponential law 




2.2.7 Stable Isotopes 
 
Oxygen isotopes for whole rock samples were determined using the conventional silicate line 
method and oxygen isotopes for separate minerals were determined using the laser 
fluorination method. Hydrogen isotope analyses of bulk-rock powders were carried out using 
techniques described by Harris et al. (2000). 
 
The oxygen silicate line samples were crushed to powders and then dried in an oven at 50°C 
overnight. Approximately 10mg was weighed out using a balance. The weighed out samples 
were then transferred into the Ni reaction vessels where eight samples and two standards 
were run at the same time. The quartz standard NBS-28 was used. The samples were then 
degassed under vacuum at 200°C for 2 hours.  
 
The silicate minerals were then reacted with ClF3 (Borthwick and Harmon 1982) on a 
conventional silicate line and the O2 converted to CO2 using a hot platinized carbon rod. 
Further details of the methods employed for the extraction of oxygen from silicates at UCT is 
given by Vennemann and Smith (1990), and Harris and Erlank (1992). 
 
The isotope ratios of CO2 were measured using a Finnigan MAT-252 mass spectrometer at 
the University of Cape Town. The data is reported in the δ notation where δ = 1 000 x 
[(Rsample – Rstandard)/Rstandard] and R = 18O/16O.  Assuming a δ18O value of 9.64‰ for NBS-28 
there is less than 0.32‰ difference between the normalised and un-normalised data. The 
average difference between the NBS-28 data was 0.13‰ during the course of these 
analyses and this corresponds to a 1σ value of 0.1‰. 
 
The oxygen laser fluorination samples were crushed and then sieved using a 600 micron 
mesh sieve. The mineral grains were then collected for washings with water and ethanol. 
They were then dried over night in an oven at 50°C and separated by hand picking using a 
binocular microscope and tweezers. The grains were cleaned again in ethanol and dried in 
an oven at 110°C and were then ready for laser fluorination. 1-3mg of sample was weighed 
out (one or two grains) for each analysis. 
 
The sample grains were examined for impurities under the binocular microscope and then 
placed in a nickel sample tray. The sample holder holds twelve samples, including two 
monastery garnet grains as standards. The nickel tray was placed onto a stainless steel 
column and placed in the oven at 110°C for at least an hour. The nickel tray and stainless 
steel column were always handled with gloves to avoid contamination. The nickel tray and 
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stainless column were then placed in a reaction chamber and sealed while hot. The top 
metal plate was replaced and the nuts tightened and the whole sample chamber placed on 
the base plate and clamped together.  
 
The sample chamber was then pumped out for at least an hour and then filled with ~10kPa 
BrF5 to remove any remaining moisture. The BrF5 was replaced after 30 seconds and then 
left in the sample chamber overnight. The KCl furnace was then turned on and the entire 
contents of the line frozen in metal U-traps using liquid nitrogen (N2) for 5 minutes. After 
pumping out the sample chamber it was prefluorinated again for 5 minutes. A blank 
measurement was taken and the pressure was recorded.  
 
The sample in the chamber was then lased and O2 was moved through the line using liquid 
nitrogen, a KCl trap and a 5 micron molecular sieve. The O2 from the samples were collected 
in glass bottles which were then transferred over to the Archaeology Department at the 
University of Cape Town where a Finnigan MAT-252 mass spectrometer analysed the O2 
gas. The data is reported in the δ notation as above.  The pressure of the gas was used to 
calculate yield. The difference between the normalised and un-normalised data is 0.61‰ with 
the assumption that the δ18O value for monastery garnet is 5.39‰. The average difference 
between the two monastery garnets was 0.04‰ during the course of this work. 
 
For hydrogen analysis 50-200mg of powdered samples were weighed out according to loss 
on ignition values and were loaded into 6mm quartz tubes (oven dried at 800°C). 
Decrepitated gravel-size quartz chips and quartz wool was loaded on top of the sample in 
order to prevent the neck of the tube from collapsing during pyrolysis, and to prevent the 
sample powder from being pumped into the vacuum line. The quartz tube with the sample 
was oven dried overnight at 110°C and afterwards placed on a hot plate at 190°C for an 
hour. The quartz tube was attached to the vacuum line and further degassed for 15 minutes 
at 190°C by using a heated aluminium block from a hot plate. The structural H2O within the 
sample was released by heat (pyrolysis) using a propane-oxygen torch (>1200°C) for 3-5 
minutes until the whole sample had fused.  
 
The released H2O was collected in a liquid nitrogen trap and any organic or molecular 
hydrogen was oxidised to H2O using a copper-oxide furnace at 700°C. The liquid nitrogen 
trap was replaced by an alcohol trap (isopropanol mixed with liquid nitrogen) and all non-
condensable gases were pumped out. The H2O from the sample was then trapped in a glass 
break-seal tube containing zinc shavings (low blank ‘Indiana Zinc’ batch 569B) using liquid 
nitrogen. Excess Zn was used to prevent poisoning from fluorine present in the samples. The 
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glass break-seal tube was then placed in a furnace for 30 minutes at 450°C to reduce the 
H2O to elemental hydrogen. 
 
The hydrogen isotope composition of the sample was measured using a Finnigan MAT-252 
mass spectrometer at the University of Cape Town. The instrumental hydrogen isotope ratios 
were normalised and standardised relative to SMOW using the equations of Coplen (1988). 
The analytical errors for δD and H2O+ are ±2‰ (1σ) and 0.10 wt%, respectively. The error of 
δD increases as the amount of water extracted decreases as there is insufficient gas to 
measure δD accurately. It is also possible that the very negative values in samples represent 





3 PETROGRAPHY OF THE MANINGOZA SUITE 
 
The petrography of the Maningoza Suite is described below and is divided into sections by 
each complex. The Maningoza Complex is further divided into the Ambolodia Formation, 
Antanetilava Formation, Sambao Formation and dykes. Descriptions for each sample 
analysed are given in the appendix. The samples were classified using mineral proportions 
observed in thin-section. Descriptions of the samples of the Fonjay and Ambereny 
Complexes were completed previously by the Council for Geoscience of South Africa and 
have been summarised in sections 3.9 and 3.10 below. 
 
3.1 Ankibobozaka Complex 
 
The mafic rocks of the Ankibobozaka Complex belong to two main rock types. The first rock 
type is fine-grained (≤0.5mm) suggesting it is extrusive. The fine-grained rocks contain 60% 
plagioclase, 10% clinopyroxene with magnetite and secondary mineral chlorite. These rocks 
are classified as basalts and have an equigranular texture. The second rock type is fine- to 
medium-grained (0.5-2.0mm) suggesting it crystallised at shallow depths. This fine- to 
medium-grained rock contains 40% plagioclase, 50% clinopyroxene, magnetite and 
secondary mineral chlorite (Figure 3.2). The secondary mineral chlorite suggests that 
alteration has occurred. These rocks have a subophitic texture where the plagioclase grains 





Figure 3.2: Sample PF06001 with PPL and XPL showing plagioclase laths and secondary alteration. 
Scale = 5mm across horizontal. 
 
The felsic rocks of the Ankibobozaka Complex have alkali-feldspar that ranges from 55 to 
70% volume with approximately 20% quartz. The alkali-feldspar and quartz show angular 
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intergrowths giving a granophyric texture (Figure 3.1). The overall grain size is fine- to 
medium-grained (0.5-2.0mm) suggesting crystallisation occurred at shallow depths. The 
remaining minerals consist of plagioclase, Fe-Ti opaques, traces of amphibole and in some 





Figure 3.1: Sample PF06005 with plane polarised light (PPL) and crossed polarised light (XPL) 
showing a granophyric texture. Scale = 5mm across horizontal. 
 
3.2 Berevo Complex 
 
The mafic rocks of the Berevo Complex can be divided into two rock types based on grain 
size. The fine- to medium-grained rocks (0.5-1.5mm) contain 45%-68% plagioclase and 
25%-35% clinopyroxene with Fe-Ti oxides and secondary mineral chlorite (Figure 3.3). The 
fine- to medium-grained rocks have an inequigranular texture and are classified as 
microgabbros. The coarse-grained rocks (2.0-4.0mm) have plagioclase, clinopyroxene, Fe-Ti 
oxides and secondary minerals chlorite, epidote, serpentine and calcite. Samples PF06017 
and PF06027 also contain olivine as main mineral. The coarse-grained rocks have a 
porphyritic texture and are classified as gabbros. These rocks also show an ophitic and 
subophitic texture with plagioclase embedded in clinopyroxene, except in samples PF06013 







Figure 3.3: Samples PF06030 (A) and PF06021 (B) with PPL and XPL. Sample PF06030 shows 
plagioclase laths and green secondary minerals (chlorite) as well as Fe-Ti oxides. Sample PF06021 
shows plagioclase laths enclosed within large clinopyroxene grains (ophitic texture). Scale = 5mm 
across horizontal. 
 
The felsic rocks of the Berevo Complex are fine- to medium-grained (0.5-2.0mm) and contain 
alkali-feldspar, plagioclase, Fe-Ti oxides and the secondary minerals epidote, calcite and 
chlorite. The alkali-feldspar and quartz show angular intergrowths giving a granophyric 
texture (Figure 3.4). The medium grain size suggests that these rocks crystallised at shallow 








Figure 3.4: Sample PF06015 with PPL and XPL showing a granophyric texture. Scale = 5mm across 
horizontal. 
 
The mafic dykes of the Berevo Complex can be divided into two types depending on grain 
size. The first rock type is fine- to medium-grained (0.2-1.5mm) with an equigranular texture 
(Figure 3.5). This rock type consists of plagioclase, clinopyroxene, Fe-Ti oxides and 
secondary mineral chlorite. These rocks are classified as dolerites. The second type is fine-
grained (0.2mm) has 60% plagioclase, 40% opaque minerals (magnetite) and is 
holocrystalline and aphanitic with an equigranular texture. These rocks are classified as 
basalts. The felsic dykes of the Berevo Complex are fine-grained (0.2mm) and have an 
equigranular texture. The main crystallising minerals are plagioclase, quartz and Fe-Ti 




Figure 3.5: Sample PF06009 with PPL and XPL showing a fine-grained and equigranular texture. 




3.3 Maningoza – Ambolodia Formation 
 
The mafic rocks of the Ambolodia Formation contain plagioclase, clinopyroxene, magnetite 
and secondary minerals such as chlorite and epidote (Figure 3.6). The mafic rocks are fine-
grained (0.2-0.5mm) and are equigranular in texture suggesting an extrusive origin. The 
mafic rocks are classified as basalts with the exception of sample PF06120 which is 




Figure 3.6: Sample PF06127 with PPL and XPL showing secondary alteration to green chlorite as well 
as amygdales. Scale = 5mm across horizontal. 
 
The intermediate rocks of Ambolodia have plagioclase, clinopyroxene, Fe-Ti oxides and 
secondary minerals such as chlorite and epidote with the exception of PF06126 which also 
contains traces of amphibole. The intermediate rocks are fine-grained (0.2-0.8mm) and two 
samples classify as andesite (PF06126 and PF06128) and one sample classifies as a trachy-
andesite (PF06119). 
 
The felsic rocks of Ambolodia are sampled from a plug named the Ambohibeory Formation 
and contain plagioclase, quartz, magnetite and secondary minerals such as epidote, calcite 
and chlorite except for PF06115 which also contains alkali-feldspar and amphibole. The 
felsic rocks are fine-grained (0.2-1.0mm), are inequigranular in texture and are classified as 







Figure 3.7: Sample PF06115 with PPL and XPL showing a fine-grained end equigranular texture. 
Scale = 5mm across horizontal. 
 
3.4 Maningoza – Antanetilava Formation 
 
The mafic rocks of Antanetilava have plagioclase, clinopyroxene, Fe-Ti oxide and secondary 
mineral chlorite. The clinopyroxene is light brown to brown in colour and has an augite 
composition. Sample PF06145 has olivine in place of secondary minerals. The mafic rocks 
are fine-grained (0.2-1.0mm) and have an equigranular texture except samples PF06130, 
PF06148 and PF06153 which are medium-grained (1.0-2.0mm) and have a porphyritic 
texture (Figure 3.8). The fine-grained mafic rocks are classified as basalts and the medium-
grained mafic rocks are classified as dolerites. Two samples (PF06129 and PF06132) have a 





Figure 3.8: Sample PF06135 with PPL and XPL showing porphyritic pyroxene with feldspar 





The felsic rocks of the Antanetilava Formation are fine-grained (0.5-1.0mm) suggesting they 
formed by extrusive crystallisation. The main minerals in the felsic rocks are plagioclase, 
alkali-feldspar, quartz, magnetite and secondary minerals such as chlorite and epidote. The 
presence of secondary minerals suggests alteration. The felsic rocks are classified as 
rhyolites except for three samples: sample PF06131 has no alkali-feldspar and is classified a 
dacite; sample PF06142 has larger amounts of alkali-feldspar and is classified as a trachyte; 
sample PF06143 has no quartz or alkali-feldspar and is classified as a dacite. Sample 




Figure 3.9: Sample PF06144 with PPL and XPL showing a quenched texture. Scale = 5mm across 
horizontal. 
 
3.5 Maningoza – Sambao Formation 
 
The mafic rocks of the Sambao Formation are fine-grained (0.2-1.0mm) suggesting an 
extrusive origin. The mafic rocks consist of plagioclase, clinopyroxene, magnetite, olivine and 
secondary minerals such as chlorite. Sample BY6F103 has 29% volume of secondary 
minerals present making it a largely altered sample. The fine-grained mafic rocks are 
classified as basalts and are typically porphyritic in texture (Figure 3.10). The felsic rocks of 
the Sambao Formation are fine-grained (0.2mm) and consist of alkali-feldspar, plagioclase, 
quartz, Fe-Ti oxides and secondary mineral chlorite. The fine-grained felsic rocks are 






Figure 3.10: Sample BY6F091 with PPL and XPL showing phenocrysts of olivine and plagioclase. 
Scale = 5mm across horizontal. 
 
3.6 Maningoza – Dyke Swarm 
 
The mafic dykes of the Maningoza Suite are fine- to medium-grained (0.2-2.5mm) and 
consist of plagioclase, clinopyroxene, magnetite and secondary minerals such as chlorite 
and epidote (Figure 3.11). The mafic dykes are equigranular and are classified as dolerites. 
The felsic dykes of the Maningoza Suite are fine-grained (0.2-1.0mm) with porphyritic 
feldspars. The felsic dykes consist of feldspar, quartz, magnetite and secondary mineral 




Figure 3.11: Sample PF06124 with PPL and XPL showing plagioclase laths and clinopyroxene. Also 




3.7 Basement Dykes 
 
The mafic dykes which intrude the basement rocks consist of plagioclase, clinopyroxene, 
magnetite and secondary minerals such as chlorite with the exception of PF06138 which also 
contains a small amount of olivine (Figure 3.12). The dykes are fine- to medium-grained (0.5-
2.0mm) and have an equigranular texture. The felsic dykes are fine-grained (0.1-0.4mm) and 
have a porphyritic texture. The main crystallising minerals are feldspar, quartz, Fe-Ti oxides 




Figure 3.12: Sample PF06138 with PPL and XPL showing plagioclase laths in clinopyroxene and 
olivine. Scale = 5mm across horizontal. 
 
3.8 Ambohitrosy Complex 
 
The mafic rocks of the Ambohitrosy Complex can be divided into two types based on grain 
size. The first type has a fine grain size (0.2-1.0mm) and consists of plagioclase, 
clinopyroxene, magnetite and secondary mineral chlorite (Figure 3.13). ABF052 has 
undergone a large amount of alteration to secondary minerals such as chlorite and epidote. 
The fine-grained mafic rocks are classified as basalts. The second type of mafic rocks are 
coarse grained (1.0-5.0mm) and consists of plagioclase, clinopyroxene, magnetite and 
secondary minerals such as chlorite. The coarse-grained mafic rocks are porphyritic in 






Figure 3.13: Sample ABF063 with PPL and XPL showing a fine-grained texture with secondary 
minerals as evidence for secondary alteration. Scale = 5mm across horizontal. 
 
The felsic rocks of the Ambohitrosy Complex can also be divided into two types based on 
grain size. The first type is fine-grained (0.2-1.0mm) and has a composition of plagioclase, 
quartz, alkali-feldspar and magnetite. The fine-grained felsic rock has a porphyritic texture 
and is classified as a rhyolite. The second type of felsic rock is coarse-grained (1.0-4.0mm) 
and consists of plagioclase, alkali-feldspar, quartz, amphibole, magnetite and secondary 
mineral chlorite (Figure 3.14). The coarse-grained felsic rocks are classified as granites 




Figure 3.14: Sample ABF074 with PPL and XPL showing large grains of feldspar and amphibole. 
Scale = 5mm across horizontal. 
 
3.9 Fonjay Complex 
 
The mafic rocks of the Fonjay Complex can be divided into two types based on grain size. 
The first type is fine-grained (0.2-0.4mm) and consists of plagioclase, clinopyroxene, olivine, 
Fe-Ti oxides and trace amounts of biotite. The fine-grained samples have been classified as 
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microgabbros and have an inequigranular texture. The second type of mafic sample is 
medium-grained (1.0-2.0mm) and consists of plagioclase, clinopyroxene, Fe-Ti oxides and 
secondary minerals such as chlorite and calcite. Samples MI06007A and MI06010 also 
contain olivine and samples MI06008, MI06012 and MI06013 contain orthopyroxene. The 
medium-grained samples have been classified as gabbros and have a porphyroblastic 
texture. 
 
The Fonjay Complex also has three samples which are exceptions to the above. The first 
sample have been classified as a gabbronorite and consists of plagioclase, orthopyroxene, 
Fe-Ti oxides, clinopyroxene, biotite and secondary mineral chlorite. The gabbronorite is 
medium-grained (1.0-1.5mm) and has an inequigranular texture. The second sample have 
been classified as a dolerite and consists of plagioclase, clinopyroxene, secondary mineral 
calcite, Fe-Ti oxides and trace amounts of quartz. The dolerite is fine-grained (0.2-0.4mm) 
and has an inequigranular texture. The third sample has been classified as a meta-mudstone 
and consists of quartz, muscovite, Fe-Ti oxides and trace amounts of zircon. The meta-
mudstone is very fine-grained (aphanitic) and has vague laminations. 
 
3.10 Ambereny Complex 
 
The mafic rocks of the Ambereny Complex can be divided in two types based on the 
presence of orthopyroxene. The first type is fine- to medium-grained (0.1-1.5mm) and 
consists of plagioclase phenocrysts, clinopyroxene, orthopyroxene, Fe-Ti oxides, secondary 
mineral chlorite and trace amounts of biotite. These samples have been classified as 
gabbronorite and are inequigranular in texture. The second type is also fine- to medium-
grained (0.2-1.5mm) and consists of plagioclase, clinopyroxene, Fe-Ti oxides, and trace 
amounts of quartz, chlorite and biotite. These samples have been classified as microgabbros 
and have an inequigranular texture. One mafic sample is an exception as it consists of 
plagioclase (50%) and olivine (40%) with trace amounts of pyroxene, chlorite and Fe-Ti 
oxides. This fine- to medium-grained (0.5-2.0mm) sample has been classified as a troctolite 
and has an inequigranular texture.  
 
The felsic rocks of the Ambereny Complex are fine- to medium-grained (0.2-1.5mm) and 
consist of plagioclase, quartz, amphibole, K-feldspar, Fe-Ti oxides and trace amounts of 
biotite. These rocks have been classified as tonalities and have a granophyric texture. There 
is also a mafic dyke that has been sampled near the Ambereny Complex. The mafic dyke is 
fine- to medium grained (0.3-1.5mm) and consists of plagioclase, clinopyroxene, Fe-Ti 
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oxides, quartz and secondary mineral chlorite. The mafic dyke has been classified as a 




The mafic rocks in general consist mainly of plagioclase, clinopyroxene and Fe-Ti oxides. 
Olivine is observed in only in 11 out of 103 samples described and orthopyroxene is 
observed only in the Fonjay and Ambereny Complexes. The felsic rocks are dominated by K-
feldspar, plagioclase, clinopyroxene, quartz and Fe-Ti oxides. Minerals such as amphibole 
and biotite are rare and mostly occur in trace amounts. The minerals feldspar, pyroxene, 
olivine and the Fe-Ti oxides are analysed for chemical composition in the following chapter. 
The felsic and mafic samples are described as either fine-grained or medium-grained rocks 
and rocks described as coarse-grained only occur in the Berevo and Ambohitrosy 
Complexes. In almost all samples secondary minerals are described with epidote and 
chlorite (chlorite being the major presence). Chlorite is indicative of surface alteration where 
as epidote suggests hydrothermal alteration has occurred. The effects of hydrothermal 




4 MINERAL CHEMISTRY 
 
The minerals analysed for the Maningoza Suite were feldspar, clinopyroxene, olivine and 
opaques. Since there were so many analyses this chapter is broken down into each mineral 
analysed and then further broken down into sample category (e.g. volcanic, complex or dyke 
in the Maningoza Suite). A sample from each complex was chosen on the basis that it 
represented either a felsic or mafic end-member. An attempt was made to analyse at least 
one mafic and one felsic end-member for each complex. Samples were also chosen on the 
basis that they had very little or no alteration observed in hand-specimen and thin-section, as 




The Sambao Formation basalts have plagioclase that ranges from labradorite to albite 
(Figure 4.1). The chemical composition of the feldspars ranges from An51Ab47Or2 to 
An4Ab96Or0. The Antanetilava Formation basalts have feldspars that range from bytownite to 
oligoclase and in some cases sanidine. The chemical composition of these feldspars ranges 
from An89Ab11Or0 to An11Ab86Or3 as well as An0Ab3Or97. The Ankibobozaka Complex 
microgabbros have plagioclase with a labradorite composition where as the granophyres 
have feldspars that range from albite to sanidine compositions. The chemical composition for 
the microgabbros range from An68Ab32Or0 to An61Ab38Or1 and the chemical composition for 
the granophyres range from An0Ab99Or1 to An0Ab68Or32. The Berevo Complex gabbros have 
plagioclase that ranges from anorthite to labradorite. The granites of the Berevo Complex 
have feldspars that range from albite to orthoclase. The chemical composition of the gabbro 
plagioclase ranges from An92Ab8Or0 to An65Ab34Or1 and the granite feldspar ranges from 
An6Ab94Or0 as well as An0Ab12Or88.  
 
The Fonjay Complex gabbros have plagioclase that range from bytownite to labradorite. The 
chemical composition of the gabbros feldspars ranges from An88Ab12Or0 to An59Ab39Or2. The 
Ambereny Complex gabbros have plagioclase that ranges from bytownite to labradorite. The 
granites of the Ambereny Complex have feldspars that range from andesine to albite and 
also albite to orthoclase. The chemical composition of the gabbro plagioclase ranges from 
An81Ab19Or0 to An57Ab42Or1 and the granite feldspars range from An31Ab66Or3 to An5Ab95Or0 
as well as An0Ab3Or97. The Ambohitrosy Complex gabbros have plagioclase that ranges from 
anorthite to albite and the syenite feldspars range from albite to orthoclase. The chemical 
composition of the feldspars ranges from An95Ab3Or2 to An0Ab99Or1 as well as An0Ab2Or98. 
The basement dykes has plagioclase that ranges from bytownite to andesine in composition. 
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The chemical composition of the plagioclase ranges from An85Ab15Or0 to An40Ab58Or2. The 
Berevo Complex trachytic dykes have feldspars that range from albite to orthoclase. The 
chemical composition of the feldspars ranges from An3Ab96Or1 to An0Ab7Or93. 
 
Figure 4.1: The feldspar triangle (C) showing the compositions of the feldspar minerals analysed by 
the Electron Microprobe. Compositions are in molecular percent. (Symbols: An = anorthite, Ab = 
albite and Or = orthoclase). Triangles (A) and (B) show the fields of each complex and are separated 
into three by sample category. 
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The Antanetilava Formation basalts have clinopyroxenes that have a composition of augite 
and the chemical composition ranges from En46Fs15Wo39 to En35Fs28Wo37 as well as 
En41Fs14Wo45. The Ankibobozaka Complex microgabbros have clinopyroxenes that are 
augitic in composition. The chemical composition of the clinopyroxenes ranges from 
En45Fs13Wo42 to En43Fs15Wo42 and also En44Fs13Wo43. The Berevo Complex gabbros have 
clinopyroxenes that are augitic in composition. The chemical composition of these 
clinopyroxenes ranges from En39Fs23Wo38 to En46Fs10Wo44. The Fonjay Complex gabbros 
have clinopyroxenes that are also augitic in composition. The chemical composition ranges 
from En42Fs14Wo44 to En42Fs17Wo41. The Ambereny Complex gabbros have clinopyroxenes 
that are augitic in composition and the chemical composition ranges from En44Fs13Wo43 to 
En44Fs16Wo40. The Ambohitrosy Complex gabbros have clinopyroxenes that are augitic in 
composition. The chemical composition of these clinopyroxenes ranges from En48Fs19Wo33 to 
En28Fs33Wo39 as well as En38Fs16Wo46. The basement dykes have clinopyroxenes that are 






Figure 4.2: Portion of the clinopyroxene quadrilateral showing the compositions of the clinopyroxene 
minerals analysed by the electron microprobe. Quadrilateral (A) shows clinopyroxene compositions 
for the Ambohitrosy Complex, Antanetilava Formation and dyke swarm. Quadrilateral (B) shows 
clinopyroxene compositions for the Ambereny, Ankibobozaka, Berevo and Fonjay Complexes. All of 
the samples have an augitic composition. Compositions are in molecular percent. 




























































































The Berevo Complex gabbros have olivines that are much richer in magnesium than in iron 
(molecular percentage). The chemical composition of the olivines ranges from Fo74Fa26 to 
Fo70Fa30. The Ambereny Complex gabbros have olivines that have higher magnesium 
content as opposed to iron. The chemical composition of the olivines ranges from Fo70Fa30 to 
Fo67Fa33. The Ambohitrosy Complex has olivines with a chemical composition that ranges 
from Fo73Fa27 to Fo64Fa36.The basement dykes have olivines that generally have an equal 
mix of magnesium and iron. The chemical composition of the olivines ranges from Fo60Fa40 
to Fo45Fa55. 
 







Figure 4.3: The olivine compositions obtained from the electron microprobe are plotted on a Fo/Fa 
line. The olivine samples all fall within Fo74 and Fo45 with the Berevo and Ambereny complexes 
having much higher amounts of forsterite than the dykes. The compositions are expressed in molecular 














































































4.4 Opaque Minerals 
 
The values of FeO and Fe2O3 were recalculated according to the method described by 
Carmichael (1967). The recalculation was done after the analyses were completed because 
the electron microprobe cannot distinguish between the different oxidation states of iron. All 
of the Complexes fall onto the magnetite – ulvöspinel solid solution series except for one 
analysis from the Fonjay Complex which falls on the ilmenite – Fe2O3 solid solution series 
(Figure 4.4). 
 
Figure 4.4 shows a triangular diagram of FeO, Fe2O3 and TiO2 and all percentages are in 
molecular percent. The Antanetilava Formation basalts have a composition from 50% Fe2O3, 
49% FeO and 1% TiO2 (magnetite) to 15% Fe2O3, 60% FeO and 25% TiO2 (ulvöspinel). The 
Berevo Complex gabbros have magnetite compositions and the Berevo Complex granites 
have an oxide composition that ranges from 45% Fe2O3, 51% FeO and 4% TiO2 to 16% 
Fe2O3, 60% FeO and 24% TiO2. The Ankibobozaka Complex microgabbros have an oxide 
composition that ranges from 45% Fe2O3, 52% FeO and 3% TiO2 to 27% Fe2O3, 57% FeO 
and 16% TiO2. The Ambereny Complex gabbros and granites have an oxide composition 
that ranges from 42% Fe2O3, 53% FeO and 5% TiO2 to 2% Fe2O3, 67% FeO and 31% TiO2. 
The basement dyke composition ranges from 13% Fe2O3, 62% FeO and 25% TiO2 to 8% 
Fe2O3, 64% FeO and 28% TiO2. The Fonjay Complex gabbros have one sample that is on 
the magnetite – ulvöspinel solid solution series and one on the the ilmenite – Fe2O3 solid 
solution series. Their compositions are 28% Fe2O3, 59% FeO and 13% TiO2 (magnetite – 





























Fig 4.4: Triangular diagram of FeO, TiO2 and Fe2O3 in molecular percentages showing the 
composition of oxides. The lines indicate solid-solution series.     




















































































The compositions of the feldspars range from anorthite through albite to orthoclase for the 
Antanetilava Formation, the Ankibobozaka Complex, the Berevo Complex, the Ambereny 
Complex, and the Ambohitrosy Complex.  The gabbros of the Fonjay Complex have 
feldspars that are mostly calcium-rich (An88Ab12Or0 to An59Ab39Or2) and the basalts of the 
Sambao Formation have feldspars that only range from An51Ab47Or2 to An4Ab96Or0. The 
compositions of the clinopyroxene are augitic for all complexes with the Ankibobozaka, 
Berevo, Fonjay and Ambereny Complexes having the least amount of variation. The 
Ambohitrosy Complex and dyke swarm have the most variation with the compositions of 
En28Fs33Wo39 (Ambohitrosy), En47Fs10Wo43 (dyke swarm) and En39Fs32Wo42 (dyke swarm). 
Olivine compositions range from Fo74 to Fo70 for the Berevo Complex, Fo70 to Fo67 for the 
Ambereny Complex and Fo73 to Fo64 for the Ambohitrosy Complex. The dyke swarm has 
more iron-rich olivines with compositions of Fo60 to Fo45. The opaque minerals have 
compositions that range from pure hematite compositions (Berevo Complex and Antanetilava 
Formation) to 83% ilmenite (Fonjay Complex). The Ankibobozaka and Ambereny complexes 
range from high percentages of hematite to roughly 50% hematite while the Antanetilava 
Formation ranges to 35% hematite and the Berevo Complex range to 62% hematite. The 
dyke swarm has a small range in oxide composition from 58% to 48% hematite. Comparison 
of the mineral chemistry of the Maningoza Suite and other igneous complexes from 




5 GEOCHEMISTRY OF THE MANINGOZA SUITE 
 
The Maningoza Suite is grouped into three sections in this chapter, namely the Maningoza 
Volcanic Field, the Ring Complexes and the Dykes of the Maningoza Suite in this chapter. 
The Maningoza Volcanic Field consists of the Maningoza Complex divided into the 
Ambolodia Formation, Antanetilava Formation and Sambao Formation. The Ring Complexes 
consist of the Ankibobozaka, Berevo, Fonjay, Ambereny and Ambohitrosy Complexes. The 
Dykes of the Maningoza Suite consist of the samples from dykes throughout the Maningoza 
Suite. All three sections begin with classification using a total alkalis vs. silica diagram (TAS 
diagram, le Bas et al. 1986), followed by descriptions of variations of major and trace 
elements. Finally, rare-earth element (REE) patterns are described at the end of each 
section. 
 




As shown in the total alkalis vs. silica diagram (Figure 5.1) five samples of the Sambao 
Formation classify as basalts, three samples classify as basaltic andesite, one sample 
classifies as an andesite and three samples classify as rhyolite. For the Antanetilava 
Formation seven samples classify as basalts, one classifies as an andesite, one sample 
classifies as trachyte, one classifies as a dacite and eight samples classify as rhyolite. For 
the Ambolodia Formation, four samples classify as basalts, one classifies as a basaltic 
andesite, two classify as trachy-andesite, one classifies as an andesite, one sample 






































Figure 5.1: Plots of the Maningoza Volcanic Field samples on the TAS Diagram. 
 
5.1.2 Major Elements vs. SiO2 
 
Figure 5.2 shows diagrams of SiO2 versus major elements for the Ambolodia, Antanetilava 
and Sambao Formations. The Ambolodia Formation shows strong negative correlations for 
SiO2 versus CaO (r = -0.97) and FeO (r = -0.93). The Antanetilava Formation shows similar 
strong negative correlations with an r value for CaO against SiO2 of -0.94 and an r value for 
FeO against SiO2 of -0.81. The Sambao Formation follows suit by having an r value for CaO 
against SiO2 of -0.88 and an r value for FeO against SiO2 of -0.93. For SiO2 versus TiO2 the 
Ambolodia Formations shows a strong negative correlation (r = -0.78) as well as for SiO2 
versus Al2O3 (r = -0.72). The Antanetilava Formation shows a strong negative correlation with 
SiO2 against Al2O3 (r = -0.70) but a weak negative correlation for SiO2 against TiO2  
(r = -0.45). The Sambao Formation shows strong negative correlations for SiO2 against Al2O3 
(r = -0.67) and SiO2 against TiO2 (r = -0.84).  
 
The Ambolodia Formation shows a strong positive correlation (Figure 5.2) between SiO2 and 
K2O (r = 0.98) which is similar to the Antanetilava Formation (r = 0.98) and the Sambao 
Formation (r = 0.77). For Na2O against SiO2 the Ambolodia Formation shows a strong 
positive correlation (r = 0.79) which is similar to the Antanetilava Formation (r = 0.64) but the 
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Figure 5.2: Plots of major and minor elements versus SiO2 (wt. %) for the Ambolodia, Antanetilava 
and Sambao Formations. 
 
5.1.3 Major Elements vs. MgO 
 
Figure 5.3 shows diagrams of major elements versus MgO for the Ambolodia, Antanetilava 
and Sambao Formations. The Ambolodia Formation shows strong negative correlation for 
MgO against SiO2 (r = -0.95) and MgO against K2O (r = -0.96). The Antanetilava Formation 
shows similar correlations with an r value of -0.91 for MgO against SiO2 and an r value of  
-0.89 for MgO against K2O. The Sambao Formation has slightly lower r values than the 
previous two formations but are still strong and negative for MgO against SiO2 (r = -0.89) and 
K2O (r = -0.73). For MgO against Na2O the Ambolodia Formation has a strong negative 
correlation (r = -0.81) but the Antanetilava and Sambao Formations both have a weak 
negative correlation with an r value of -0.29.  
 
There is a strong positive correlation between MgO and CaO (Figure 5.3) for the Ambolodia 
(r = 0.99), Antanetilava (r = 0.76) and the Sambao Formations (r = 0.89). MgO against Al2O3 
shows a strong positive correlation for the Ambolodia Formation (r = 0.83) and Sambao 
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Formation (r = 0.79) but a weak positive correlation for the Antanetilava Formation (r = 0.45). 
MgO versus Fe2O3 shows strong positive correlations for the Ambolodia (r = 0.77), 
Antanetilava Formations (r = 0.84) and the Sambao Formation (r = 0.68). MgO against TiO2 
shows weak positive correlations for the Antanetilava (r = 0.51), Ambolodia Formation  
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Figure 5.3: Plots of major and minor elements versus MgO (wt. %) for the Ambolodia, Antanetilava 




5.1.4 Trace Elements vs. SiO2 
 
Figure 5.4 shows plots of SiO2 (wt. %) versus trace elements for the Ambolodia, Antanetilava 
and Sambao Formations. The Ambolodia Formation shows strong positive correlations for 
SiO2 plotted against Rb (r = 0.98) and Nb (r = 0.98). The Antanetilava Formation also shows 
a strong positive correlation for SiO2 plotted against Rb (r = 0.96) and Nb (r = 0.94). The 
Sambao Formation follows suit with r values of 0.73 for SiO2 versus Rb and 0.75 for SiO2 
versus Nb. SiO2 (wt.%) plotted against Zr shows strong positive correlations for the 
Ambolodia (r = 0.99) and Antanetilava Formations (r = 0.96) but the Sambao Formation 
shows a weak positive correlation (r = 0.53). SiO2 (wt.%) plotted against Y shows a similar 
correlation with r values of 0.86 for the Ambolodia Formation, 0.94 for the Antanetilava 
Formation and 0.46 for the Sambao Formation. 
 
There is a weak negative correlation between Sr and SiO2 (Figure 5.4) for the Sambao 
Formation (r = -0.53), but a strong negative correlation for the Ambolodia Formation  
(r = -0.72) and the Antanetilava Formation (r = -0.76). SiO2 plotted against Ni shows a strong 
negative for the Ambolodia Formation (r = -0.88), the Antanetilava Formation (r = -0.74) and 
the Sambao Formation (r = -0.63). The felsic samples of the Sambao Formation are 
generally inconsistent with the rest of the samples from the Sambao Formation especially in 
the case of Nb where they have a much higher concentrations than the other samples, and 
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Figure 5.4: Plots of trace elements against SiO2 for the Ambolodia, Antanetilava and Sambao 
Formations. 
 
5.1.5 Trace Elements vs. Zr 
 
Figure 5.5 shows plots of Zr (ppm) against trace elements for the Ambolodia, Antanetilava 
and Sambao Formations.  Zr plotted against Y shows a strong positive correlation for all 
three formations with r values of 0.90 for the Ambolodia Formation, 0.99 for the Antanetilava 
Formation and 0.71 for the Sambao Formation. Zr plotted against Th shows a strong positive 
correlation for the Ambolodia Formation (r = 0.97) and the Antanetilava Formation (r = 0.96) 
as well as the Sambao Formation (r = 0.61). Zr against Sr shows a strong negative 
correlation for the Ambolodia (r = -0.69) and Antanetilava Formations (r = -0.59) where as the 
Sambao Formation shows a weak positive correlation (r = 0.24). 
 
There are extremely strong correlations between Nb and Zr (Figure 5.5) for the Ambolodia  
(r = 1.00) and Antanetilava Formations (r = 1.00) but the Sambao Formation shows little 
correlation (r = 0.05). Zr against Rb shows strong positive correlations for the Ambolodia  
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(r = 0.97) and Antanetilava Formations (r = 0.90) where as the Sambao Formation shows a 
weak negative correlation (r = -0.22). Zr plotted against Ba shows a strong positive 
correlation for all three of the formations with r values of 0.92 for the Ambolodia Formation, 
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Figure 5.5: Plots of trace elements versus Zr (ppm) for the Ambolodia, Antanetilava and Sambao 
Formations. 
 
5.1.6 Rare Earth Element Patterns 
 
Chondrite-normalised REE (rare earth elements) patterns are shown in Figure 5.6 and have 
been calculated using the normalising factors given by Nakamura (1974). The Ambolodia, 
Antanetilava and Sambao Formations have similar REE patterns in that they have low 
concentrations of heavy rare earth elements (HREE) and comparatively high concentrations 
of light rare earth elements (LREE) so that the slope of the curve increases towards the 
LREE side. Samples PF06121, PF06127, PF06129, BY6F090 and BY6F090 are exceptions 
in that the curve slopes down towards the LREE. Sample BY6F098b also has a much higher 
concentration of REE and sample BY6F148 has a much lower concentration of REE when 
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compared to the rest of the Sambao Formation. The Eu anomalies are generally low for the 
felsic samples and only slightly high for more mafic samples for each of the formations. 
Average Eu/Eu* are 0.81 for the Ambolodia Formation, 0.87 for the Antanetilava Formation 
and 0.84 for the Sambao Formation. The Antanetilava Formation sample PF06129 which is a 
feldspar porphyry basalt has lower concentrations of REE in comparison with other mafic 
samples. Two felsic samples of the Sambao Formation (BY6F148 and BY6F098b) have very 
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Figure 5.6: REE patterns for the Ambolodia, Antanetilava and Sambao Formations. 
 
5.2 The Ring Complexes 
 
Major and REE data for the Ambohitrosy Complex was taken from the thesis of 
Rasolofomanana (1998) but lacked trace element data required here. The Ambohitrosy 




From the total alkalis vs. silica diagram (Figure 5.7) the Berevo Complex has eight samples 
that classify as basalt, two samples that classify as basaltic andesite, one sample that 
classifies as a trachyte and five samples that classify as rhyolite. The Ankibobozaka 
Complex has one sample which classifies as a basalt, one as a basaltic andesite and four 
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samples which classify as rhyolites. The Fonjay Complex has five samples which classify as 
basalt and one sample which classifies as a trachyandesite. The Ambereny Complex has 
five samples that classify as basalt and one sample that classifies as a rhyolite. The 
Ambohitrosy Complex has one sample that classifies as a basanite, another sample that 
classifies as a picrobasalt and thirteen samples that classify as basalt. The Ambohitrosy 
Complex also has six samples that classify as basaltic andesite, two samples that classify as 
trachyandesite, two samples that classify as dacite, ten samples that classify as trachyte and 








































Figure 5.7: Plots of the Maningoza Ring Complexes on the TAS Diagram. 
 
5.2.2 Major Elements vs. SiO2 
 
Figure 5.8 shows diagrams of SiO2 versus major elements for the Ankibobozaka, Berevo, 
Fonjay, Ambereny and Ambohitrosy Complexes. All of the complexes show a strong 
negative correlation for SiO2 versus CaO with r values of -0.99 for the Ankibobozaka 
Complex, -0.95 for the Berevo Complex, -0.97 for the Fonjay Complex, -0.91 for the 
Ambereny Complex and -0.93 for the Ambohitrosy Complex. For SiO2 versus K2O there is a 
strong positive correlation for all the complexes with r values of 1.00 for the Ankibobozaka 
Complex, 0.99 for the Berevo Complex, 0.93 for the Fonjay Complex, 1.00 for the Ambereny 
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Complex and 0.95 for the Ambohitrosy Complex. SiO2 against Na2O shows strong positive 
correlations for the Ankibobozaka (r = 0.96), Fonjay (r = 0.97), Ambereny  
(r = 0.84) and Ambohitrosy Complexes (r = 0.74) but the Berevo Complex shows a weak 
positive correlation for SiO2 against Na2O (r = 0.55). 
 
There is a strong negative correlation between SiO2 and Al2O3 (Figure 5.8) for the 
Ankibobozaka (r = -0.94), Berevo (r = -0.68) and Ambereny Complexes (r = -0.78) where as 
the Fonjay and Ambohitrosy Complexes show weak negative correlations (r = -0.53 and  
r = -0.35 respectively). SiO2 plotted against Fe2O3 shows strong negative correlations for the 
Ankibobozaka Complex (r = -0.99), Berevo Complex (r = -0.70) and the Ambohitrosy 
Complex (r = -0.80). SiO2 plotted against Fe2O3 shows weak negative correlations for the 
Ambereny Complex (r = -0.58) where as the Fonjay Complex shows a weak positive 
correlation (r = 0.46). SiO2 plotted against TiO2 also shows strong negative correlations for 
the Ankibobozaka Complex (r = -0.91) and the Ambohitrosy Complex (r = -0.70), weak 
negative correlations for the Berevo (r = -0.28) and Ambereny Complexes (r = -0.22), and a 
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Figure 5.8: Plots of major and minor elements versus SiO2 (wt. %) for the Ankibobozaka, Berevo, 
Fonjay, Ambereny and Ambohitrosy Complexes. 
 
5.2.3 Major Elements vs. MgO 
 
Figure 5.9 shows diagrams of MgO versus major elements for the Ankibobozaka, Berevo, 
Fonjay, Ambereny and Ambohitrosy Complexes. All of the complexes show a strong 
negative correlation for MgO against SiO2 with r values of -0.99 for the Ankibobozaka 
Complex, -0.89 for the Berevo Complex, -0.76 for the Fonjay Complex, -0.90 for the 
Ambereny Complex and -0.82 for the Ambohitrosy Complex. Similarly, the plot of MgO 
against K2O shows strong negative correlations for all the complexes with r values of -1.00 
for the Ankibobozaka Complex, -0.79 for the Berevo Complex, -0.86 for the Fonjay Complex, 
-0.89 for the Ambereny Complex and -0.82 for the Ambohitrosy Complex. MgO plotted 
against Na2O shows strong negative correlations for the Ankibobozaka Complex (r = -0.99), 
the Fonjay Complex (r = -0.82), the Ambereny Complex (r = -0.71) and the Ambohitrosy 
Complex (r = -0.80) where as the Berevo Complex shows a weak negative correlation  
(r = -0.36). MgO plotted against CaO shows a strong positive correlation for all the 
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complexes with r values of 1.00 for the Ankibobozaka Complex, 0.87 for the Berevo 
Complex, 0.74 for the Fonjay Complex, 0.74 for the Ambereny Complex and 0.77 for the 
Ambohitrosy Complex. 
 
There is a strong positive correlation between Al2O3 and MgO (Figure 5.9) for the 
Ankibobozaka Complex (r = 0.97) and the Ambereny Complex (r = 0.77), the Berevo 
Complex shows a weak positive correlation (r = 0.58) and both the Fonjay and the 
Ambohitrosy Complex show no correlation (r = -0.02 and r =0.01 respectively). MgO plotted 
against Fe2O3 shows strong positive correlation for the Ankibobozaka Complex (r = 0.96) and 
Ambohitrosy Complex (r = 0.64) where as the Berevo and Ambereny Complexes show a 
weak positive correlation (r = 0.51 and r = 0.44 respectively). The Fonjay Complex shows no 
correlation for Fe2O3 versus MgO(r = -0.14) and shows no correlation with MgO plotted 
against TiO2 (r = -0.07). The Ambereny Complex also shows no correlation with MgO plotted 
against TiO2 (r = -0.03). MgO vs. TiO2 also shows a strong positive correlation for the 
Ankibobozaka Complex (r = 0.85) and a weak positive correlation for the Berevo Complex  
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Figure 5.9: Plots of major and minor elements versus MgO (wt. %) for the Ankibobozaka, Berevo, 
Fonjay, Ambereny and Ambohitrosy Complexes. 
 
5.2.4 Trace Elements vs. SiO2 
 
Figure 5.10 shows plots of SiO2 versus trace elements for the Ankibobozaka Complex, the 
Berevo Complex, the Fonjay Complex and the Ambereny Complex. The Ambohitrosy 
Complex has been disregarded due to insufficient trace element data. All four complexes 
have a strong positive correlation for SiO2 plotted against Rb with r values equal to 0.99 for 
the Ankibobozaka Complex, 0.99 for the Berevo Complex, 0.91 for the Fonjay Complex and 
1.00 for the Ambereny Complex. SiO2 plotted against Ni shows strong negative correlations 
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for the Ankibobozaka (r = -0.91), Berevo (r = -0.66), Fonjay (r = -0.76) and Ambereny 
Complexes (r = -0.66). SiO2 plotted against Sr shows a strong negative correlation for the 
Berevo Complex (r = -0.91), Ankibobozaka Complex (r = -0.61) and the Fonjay Complex  
(r = -0.64) where as the Ambereny Complex shows a weak negative correlation (r = -0.55).  
 
There is a strong positive correlation between Y and SiO2 (Figure 5.10) for all four complexes 
with r values of 0.98 for the Ankibobozaka Complex, 0.82 for the Berevo Complex, 0.91 for 
the Fonjay Complex and 0.96 for the Ambereny Complex. SiO2 plotted against Zr shows 
similar correlations with r values of 0.99 for the Ankibobozaka Complex, 0.95 for the Berevo 
Complex and 0.88 for the Fonjay and Ambereny Complexes. SiO2 plotted against Nb follows 
the previous two cases with r values of 0.99 for the Ankibobozaka Complex, 0.98 for the 
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5.2.5 Trace Elements vs. Zr 
 
Figure 5.11 shows plots of Zr (ppm) versus trace elements for the Ankibobozaka Complex, 
Berevo Complex, Fonjay Complex and Ambereny Complex. There is a strong positive 
correlation between Y and Zr for all four complexes with r values equal to 0.99 for the 
Ankibobozaka Complex, 0.93 for the Berevo Complex, 0.99 for the Fonjay Complex and 0.96 
for the Ambereny Complex. Zr plotted against Th shows similar correlations with r values 
equal to 0.99 for the Ankibobozaka Complex, 0.93 for the Berevo Complex, 1.00 for the 
Fonjay Complex and 0.89 for the Ambereny Complex. The correlation between Zr and Sr is 
strong and negative for the Berevo Complex (r = -0.87) where as the correlations for the 
Ankibobozaka, Fonjay and Ambereny Complexes are weak and negative (r = -0.51, r = -0.41 
and r = -0.36 respectively). 
 
There is a strong positive correlation between Nb and Zr (Figure 5.11) for all of the 
complexes with r values equal to 1.00 for the Ankibobozaka Complex, 0.99 for the Berevo 
Complex, 1.00 for the Fonjay Complex and 0.98 for the Ambereny Complex. The correlations 
between Zr plotted against Rb are strong and positive for all four complexes (Ankibobozaka  
r = 0.97, Berevo r = 0.91, Fonjay r =0.87, Ambereny r = 0.84). All four complexes taken 




































Ankibobozaka r = 0.98
Berevo r = 0.98
Fonjay r = 0.99
Ambereny r = 0.97
Ankibobozaka r = 1.00
Berevo r = 0.99
Fonjay r = 1.00
Ambereny r = 0.98
Ankibobozaka r = 0.99
Berevo r = 0.93
Fonjay r = 1.00































Ankibobozaka r = 0.97
Berevo r = 0.91
Fonjay r = 0.87
Ambereny r = 0.84
Ankibobozaka r = -0.51
Berevo r = -0.87
Fonjay r = -0.41
Ambereny r  = -0.36
Ankibobozaka r = 0.99
Berevo r = 0.93
Fonjay r = 0.99
Ambereny r = 0.96
 
 
Figure 5.11: Plots of trace elements against Zr (ppm) for the Ankibobozaka, Berevo, Fonjay and 
Ambereny Complexes. 
 
5.2.6 Rare Earth Element Patterns 
 
Chondrite-normalised REE patterns are shown in Figure 5.12 and have been calculated 
according to Nakamura (1974). The Ankibobozaka Complex, Berevo Complex and 
Ambereny complex have similar REE patterns in that the felsic samples of each complex 
generally have a higher concentration of LREE compared to HREE. The more mafic samples 
have a straight/flat pattern but in some cases a decrease in concentration of LREE giving a 
slight slope is observed. The Eu anomalies for the three complexes are similar in that the 
felsic samples have low Eu anomalies and the mafic samples have high Eu anomalies. The 
average Eu/Eu* is 0.79 for the Ankibobozaka Complex, 1.03 for the Berevo Complex and 
1.27 for the Ambereny Complex. The Fonjay Complex, consisting of gabbros only, generally 
has a low concentration of REE and has a high Eu anomaly. The Fonjay Complex also has 
two samples (MI06011 and MI06013) which have the lowest concentration of REE in 
comparison with the other complexes. The samples MI06011 and MI06013 also have the 
highest Eu anomalies with Eu/Eu* = 4.38 and 3.44 respectively. The Ambohitrosy Complex 
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has a REE pattern which is straight, although a few of the felsic samples have higher 
concentrations of LREE and HREE compared to the rest of the complex. The REE pattern of 
the Ambohitrosy Complex has very few cases of REE patterns crossing one another. The 
Ambohitrosy Complex also has low Eu anomalies for felsic samples and high Eu anomalies 
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5.3 Dykes of the Maningoza Suite 
 
The dykes of the Maningoza Suite are composed of four groups based on where they where 
sampled. Five samples were sampled from the Berevo Complex, three samples from the 
Ambolodia Formation, two samples from the Sambao Formation and three from the 




Classification of the dykes is described by the use of the TAS diagram. As shown in Figure 
5.13 two samples of the Berevo dykes classify as trachytes, one as a rhyolite, one as an 
andesite and one as a basaltic trachyandesite. The Ambolodia dykes have one sample that 
classifies as a rhyolite and two that classify as basalt. The two samples of the Sambao dykes 
are both classified as basalts. The basement dykes have one sample classified as a basalt, 









































5.3.2 Major Elements vs. SiO2 
 
Figure 5.14 shows diagrams of major elements plotted against SiO2 for the dykes of the 
Maningoza Suite. Strong negative correlations are observed between SiO2 and CaO  
(r = -0.94), as well as Fe2O3 (r = - 0.93). The plot of SiO2 against Al2O3 is overall a negative 
correlation (r = -0.50) but with a gentle slope. A strong positive correlation is observed 
between SiO2 and K2O (r = 0.97) and a weak positive correlation is observed between SiO2 
and Na2O (r = 0.46). The plot of SiO2 against TiO2 has positive slope from 45-55 SiO2 wt. % 
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Dykes r = 0.46


































Dykes r = -0.93
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5.3.3 Major Elements vs. MgO 
 
The dykes of the Maningoza Suite show a strong negative correlation (Figure 5.15) between 
MgO and SiO2 (r = -0.89), as well as K2O (r = -0.88). A strong positive correlation is observed 
between MgO and CaO (r = 0.94) and no correlation is observed between MgO and P2O5. 
The plots of MgO against Fe2O3 and TiO2 have changes in slopes that begin as positive  
(0-4 MgO wt. %) but then flatten out and change to a negative slope. A weak positive 
correlation is observed between MgO and Al2O3 (r = -0.32) and a strong negative correlation 












































Dykes r = 0.94
Dykes r = 0.71
Dykes r = 0.32
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Dykes r = -0.72
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5.3.4 Trace Elements vs. SiO2 
 
Figure 5.16 shows diagrams of trace elements plotted against SiO2 for the dykes of the 
Maningoza Suite. Strong positive correlations are observed between SiO2 and trace 
elements Zr (r = 0.83), Rb (r = 0.96), and Y (r = 0.83). The plot of SiO2 and Nb also has a 
positive correlation of r = 0.68. A negative slope is observed between SiO2 and Ni (r = -0.61) 
but at about 55 silica wt. % the slope flattens out. The plot of SiO2 and Sr (r = -0.50) is a 
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5.3.5 Trace Elements vs. Zr 
 
The dykes of the Maningoza Suite shows a strong negative correlation (Figure 5.17) between 
Zr and trace elements Y (r = 0.98), Th (r = 0.93), Nb (r = 0.90), and Rb (r = 0.83). The 
correlation between Zr and Ba is positive with an r value of 0.69 and there is no correlation 
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Figure 5.17: Plots of trace elements versus Zr (ppm) for the dykes of the Maningoza Suite. 
 
5.3.6 Rare Earth Element Patterns 
 
Chondrite-normalised REE patterns are shown in Figure 5.18 and have been calculated 
using the normalising factors given by Nakamura (1974). The dykes of the Maningoza Suite 
have a low concentration of HREE for the mafic and felsic samples. The felsic samples have 
a higher concentration of LREE than the mafic samples and the felsic samples show a 
slightly positive slope from HREE to LREE. Basement dyke sample MI06034 (rhyolite) has 
the highest concentration of REE and basement dyke sample PF06138 (dolerite) has the 
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lowest concentration of LREE. The Eu/Eu* average is 0.87 with the lowest Eu anomalies 
(0.42) belonging to the most felsic samples and the highest Eu anomalies (1.10) belonging to 



























5.4 Comparison within the Maningoza Suite 
 
The Maningoza Suite has a large number of samples which plot with in the basalt and 
rhyolite fields on the TAS diagram as shown in Figure 5.19. The Fonjay Complex does not 
have a sample representative of rhyolite. The volcanic formations and the dykes show a full 
range of rock types from mafic to intermediate to felsic. The Ambohitrosy also shows a full 
range in rock types but the trend line is higher than the trend observed for the volcanic 
formations and dykes. This suggests that the Ambohitrosy Complex as a whole appears to 
be more alkaline than the rest of the complexes. The Ambohitrosy Complex also has 














































Figure 5.19: TAS diagram showing plots of all samples of the Maningoza Suite. Areas A and B are 



























































Figure 5.20: Areas A and B showing expanded portions of the TAS diagram in Figure 5.19. The 




Figure 5.21 shows major elements versus SiO2 and MgO for the Maningoza Suite. The 
complexes and formations of the Maningoza Suite show similar trends for major element 
variations especially for major elements such SiO2, MgO, K2O and TiO2. The deviations are 
observed with Al2O3 and CaO are most likely associated with plagioclase accumulation 
giving rise to higher than expected Al2O3 and CaO wt. %. These deviations are mostly noted 

















































































Figure 5.21: Major elements versus SiO2 and MgO for the Maningoza Suite. 
 
Figure 5.22 shows trace elements versus SiO2 and Zr for the Maningoza Suite and strong 
positive correlations are observed between SiO2 and Zr as well as SiO2 and Rb. These 
strong positive correlations suggest fractional crystallisation as an evolution of the 
Maningoza Suite as these incompatible trace elements increase as silica increases. The 
variation diagram of SiO2 and Sr shows a negative slope as is expected between Sr and 
silica if feldspar is fractionated. High concentrations of Sr are also observed with some of the 
mafic samples and there is less correlation. This is due to Sr being a compatible element 
with feldspar and some mafic samples of the Maningoza Suite being feldspar cumulates. 
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Other incompatible trace elements plotted against Zr show a positive slope with only a few 
samples deviating off the trends. Most notably are two felsic dykes samples (PF06009 and 





































































Figure 5.22: Trace elements versus SiO2 and Zr for the Maningoza Suite 
 
 
Figure 5.23 shows REE patterns for the Maningoza Suite. Samples from the Fonjay Complex 
show the lowest concentration of REE compared to the rest of the Maningoza Suite and the 
Ambohitrosy Complex has the highest concentration of HREE. The dykes and sample 
BY6F098B (Sambao Formation) have the highest concentration of LREE compared to the 
rest of the Maningoza Suite. The Ambereny, Berevo and Ambohitrosy Complexes have 
samples with low concentrations of REE. Samples BY6F148 (Sambao Formation) and 
PF06129 (Antanetilava Formation) also have low concentrations of REE. The Ankibobozaka 
Complex, Ambolodia Formation, Antanetilava Formation and Sambao Formation have similar 
REE patterns to each other with a range of high and low concentrations of LREE and low 
concentrations of HREE. The range in concentration of LREE is distinguished by the mafic 
and felsic rock types of the complexes, with the mafic types having low concentrations of 
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LREE and the felsic types having high concentrations of LREE. This is also observed for Eu 
anomalies as mafic rock types tend to have high Eu anomalies and felsic rock types tend to 
have low Eu anomalies. An exception to this is the Sambao sample BY6F148 which has low 
REE concentrations like most mafic samples but has an unusual low Eu anomaly. Many of 
the samples from the complexes and formations overlap between 1 and 200 on the REE 
plots and show similar patterns described for the Ankibobozaka Complex, Ambolodia 


























































































































































6.1 Oxygen Isotopes 
 
Whole-rock δ18O values were obtained for 40 samples where at least one mafic and one 
felsic sample was chosen from each of the Complexes (Ankibobozaka, Berevo, Fonjay and 
Ambereny) and Formations (Ambolodia, Antanetilava and Sambao) and two samples from 
the dyke swarm were included. Mineral δ18O values where obtained for the Berevo Complex 
where clinopyroxene and plagioclase was analysed. The samples that showed the least 
petrographic evidence of alteration were chosen for whole-rock and mineral analysis. 
 
The Ankibobozaka Complex has whole-rock δ18O values that range from 3.9 to 7.9‰, with 
an average of 6.32 ± 1.50‰ (1σ, n = 5) as shown in Figure 6.1 and Table 6.1. The 
Antanetilava Formation has similar whole-rock δ18O values to the Ankibobozaka Complex 
with a range of 3.8 to 8.8‰, and an average of 6.13 ± 1.42‰ (1σ, n = 11). The Berevo 
Complex and the Ambolodia Complex both have very large ranges with the Berevo Complex 
ranging from 3.5 to 11.3‰, and an average of 5.87 ± 2.49‰ (1σ, n = 9) and the Ambolodia 
Complex ranging from 4.8 to 12.4‰, with an average of 7.41 ± 3.03‰ (1σ, n = 5). The 
Ambolodia Complex has consistent higher whole-rock δ18O values than the Berevo Complex.  
 
The Sambao Formation has, overall, high whole-rock δ18O values that range from 6.1 to 
11.4‰, with an average of 9.56 ± 3.01‰ (1σ, n = 3). The Fonjay Complex has low whole-
rock δ18O values overall that range from 2.3 to 6.7‰, with an average of 4.03 ± 2.34‰  
(1σ, n = 3). The Ambereny Complex has a more restricted range with a minimum of 4.7‰ 
and a maximum 6.9‰, and an average of 5.97 ± 1.14‰ (1σ, n = 3). The basement dykes 
have the most restricted range of whole-rock δ18O values from 6.3 to 7.8‰, with an average 



















































The Ankibobozaka Complex shows a strong positive correlation of increasing whole-rock 
δ18O values with increasing SiO2 (r = 0.84), Zr (r = 0.92) and Nb (r = 0.91) as shown in Figure 
6.2 and Figure 6.3. The Antanetilava Formation and Sambao Formation are similar to the 
Ankibobozaka Complex in that they also show strong correlations of increasing whole-rock 
δ18O values with increasing SiO2 (r = 0.82, r = 0.89), Zr (r = 0.87, r = 0.99) and Nb (r = 0.86,  
r = 0.72). Figure 6.2 shows strong correlations of decreasing whole-rock δ18O values with 
increasing MgO for the Ankibobozaka Complex (r = -0.90), Antanetilava Formation (r = -0.61) 
and Sambao Formation (r = -0.99). Figure 6.3 shows no apparent correlation for whole-rock 
δ18O values against Sr for the Ankibobozaka Complex, Antanetilava Formation or Sambao 
Formation. 
 
The Ambereny Complex shows strong correlations of increasing whole-rock δ18O values with 
increasing SiO2 (r = 0.68), Zr (r = 0.66) and Nb (r = 0.71). On the other hand the Ambereny 
Complex shows an unusually strong correlation of decreasing whole-rock δ18O values with 
increasing Sr (r = -0.99) and MgO (r = -0.89). The Fonjay Complex and the basement dykes 
have too few data points for any reasonable correlation to be made. 
 
The Berevo Complex shows weak correlations of increasing whole-rock δ18O values with 
increasing SiO2 (r = 0.42), Zr (r = 0.46) and Nb (r = 0.45). Figure 6.2 shows a weak 
correlation of decreasing whole-rock δ18O values with increasing MgO (r = -0.51). There is 
almost no correlation between whole-rock δ18O values and Sr for the Berevo Complex. The 
Ambolodia Complex shows no apparent correlation of whole-rock δ18O values with any of the 
elements in Figure 6.2 and Figure 6.3. 
 






































































































Figure 6.3: Graphs showing δ18O of whole-rocks and minerals versus trace elements Zr, Sr and Rb. 
 
Figure 6.4 shows that for the Fonjay Complex, Ambolodia Formation, Sambao Formation 
and the dykes there is a strong positive correlation between whole-rock δ18O and loss on 
ignition (LOI) wt. % (r > 0.75 for all four groups). The Berevo Complex also shows a positive 
correlation (r = 0.60) if sample PF06027 (LOI wt. % = 2.9) is excluded. This suggests that the 
increase in whole-rock δ18O value is related to alteration for these five groups. The 
Ankibobozaka Complex and Antanetilava Formation show a weak negative correlation (r < 
0.35). The Ambereny Complex has a strong negative correlation and although there is only 












































Figure 6.4: Plot of LOI versus δ18O of whole-rocks for the Maningoza Suite. LOI = loss on ignition. 
 
The plagioclase and clinopyroxene minerals from the Berevo Complex have lower δ18O 
values than the whole-rock δ18O values as shown in Table 6.1. The difference between 
mineral δ18O values and whole-rock δ18O values ranges from 0.3‰ to 3.2‰ for the three 
gabbroic samples. An exception to this is the clinopyroxene of sample PF06020 which has a 
1.2‰ higher δ18O value than the whole-rock value. Figure 6.5 shows that the whole-rock 
δ18O is not in equilibrium with the δ18O of coexisting plagioclase and clinopyroxene in the 
Berevo samples. The δ18O of plagioclase and coexisting clinopyroxene are in equilibrium 
with each other for sample PF06013 but not for sample PF06020. It is possible that the 
groundmass of the samples are altered and homogenised where as the larger phenocrysts 
have had varied amounts alteration. This suggests that the internal oxygen isotope 
equilibrium of phenocryst phases is high and that the groundmass has largely homogenised 












































































Figure 6.5: Plots of clinopyroxene and plagioclase δ18O versus whole-rock δ18O as well as feldspar 




The whole-rock δD and H2O+ values for 24 samples of the Maningoza Suite are shown in 
Table 6.2 and at least one mafic and one felsic sample was selected, if possible, from each 
complex. The δD values for the Ankibobozaka Complex range from -79‰ to -127‰ and has 
an average of -104‰ shown in Figure 6.6. The Berevo Complex has values between -71‰ 
and -121‰ with an average of -97‰. The Fonjay Complex δD values range from -89‰ to  
-99‰ with an average of -96‰. The δD values of the Ambereny Complex are between -73‰ 
and -102‰ with an average of -85‰. The δD values for the Ambolodia Formation range from 
-64‰ to -98‰ with an average of -75‰. The Antanetilava Formation has a range of δD 
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values from -62‰ to -80‰ with an average of -70‰. The Sambao Formation has δD values 
between -74‰ and -86‰ with an average -80‰. The Basement dykes have a range of δD 
values between -89‰ and -109‰ with an average of -99‰. 
 
The Ankibobozaka Complex has H2O+ values that range between 0.13% and 1.28%. This is 
similar to those of the Ambereny Complex, which has values that range between 0.21% and 
1.23%. The Fonjay Complex has low H2O+ percentages (below 0.20%). The Berevo Complex 
has H2O+ values that range from 0.11% to 0.69%, which is similar to the Sambao Formation 
which has values that range from 0.18% to 0.59%. The Ambolodia Formation and the 
Antanetilava Formation are both similar with the highest concentrations of H2O+ up to 2.15% 





Table 6.2: Hydrogen isotope and H2O+ values for the Maningoza Suite. Also included are the relevant 




Figure 6.6 also shows the range for magmatic waters and all of the complexes, except for the 
Fonjay Complex and the basement dykes, have one or more samples within that range. The 
Antanetilava Formation has all of its samples lying within the range of magmatic waters and 
the Ambolodia Formation only has one of its samples outside of this range. The Ambereny, 
Berevo and Ankibobozaka Complexes all have one sample within the range of magmatic 
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Figure 6.6: Whole-rock δD values obtained for the Maningoza Suite. Crosses represent obtained 
values and the solid squares represent the average values for each complex. The δD range of magmatic 
waters is shown in grey. 
 
Figure 6.7 shows low δD and H2O+ values, which are characteristic of water vapour 
exsolution and loss during magmatic evolution. The water exsolution may have occurred 
during the crystallisation of magma prior to eruption, this in turn causes a progressive 
lowering of δD and H2O+ in the residual melt (Taylor et al. 1983). The depletion of δD occurs 
as the heavier isotope D favours the H2O in the melt rather than in the solid/crystallised state. 
Therefore the loss of water vapour would decrease the δD value in the remaining melt and/or 
in any late stage hydrous phases such as amphibole.  
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Figure 6.7: Plot of δD against H2O+. The lowest δD values are affected by analytical interference due 
to their corresponding low H2O+ concentrations. The low H2O+ concentration allows the blank to 
interfere in the measurement and lower the δD value. The data presented fits well with Rayleigh-type 
water vapour exsolution or degassing. As the loss of H2O occurs there is a steady depletion of δD as 
shown by the curve. 
 
Figure 6.8 shows plots of δD and H2O+ values versus loss on ignition (LOI) and good positive 
correlations are observed. The plot of H2O+ and LOI shows a positive linear trend that shows 
that most of the weight percentage lost during XRF analysis is related to water.  The plot of 
δD and LOI show the same Rayleigh-type water exsolution as shown in Figure 6.7 again 
pointing out the similarities between H2O+ and LOI. Two samples of the Ankibobozaka 
Complex (PF06002 and PF06005) do not follow the trend and have much lower H2O+ values 
compared to their LOI values. In thin-section these samples contain calcite and so the higher 





































Figure 6.8: Plots of LOI (loss on ignition) against δD and against H2O+ for the Maningoza Suite. 
 
Figure 6.9 shows a plot of δD against δ18O and shows decreasing δD values with no change 
in δ18O. This further demonstrates the loss of H2O vapour as water vapour loss prior to 
eruption has only a small effect on the δ18O of the rock. Two samples, one from the 
Antanetilava Formation and one from the Ambolodia Formation, plot within the field of 







































Figure 6.9: Plot of whole-rock δD against whole-rock δ18O for the Maningoza Suite. Also included is 
the global meteoric water line (GMW) (Craig 1961). Magmatic water field: δD between -40‰ and -
80‰; δ18O between 6‰ and 10‰ shown in grey (Taylor 1986). 
 
6.3 Ar-Ar Geochronology 
 
The age analyses of samples PF06135 and PF06153 are shown in Figure 6.10 and Figure 
6.11 respectively. Sample PF06135 has an Ar-Ar age of 91.33 ± 0.9 Ma and sample 
PF06153 has an Ar-Ar age of 95.48 ± 0.92 Ma. The average age of the two samples is 93.41 
Ma. This average age is consistent with the Maningoza Suite being of the Cretaceous period 















6.4 Radiogenic Isotopes 
 
At least two samples from each complex were analysed with one sample representing the 
mafic end and the other sample representing the felsic end of the spectrum. The isotopes 
analysed were 87Sr/86Sr and 143Nd/144Nd with only 15 samples (including the standard) 
analysed for each due to the cost of the analysis procedure. The resultant data for strontium 
and neodymium is shown in Table 6.3 with initial/observed values and epsilon values from 
age correction calculations.  
 
The age corrected value was calculated to 93.4 Ma which is the average Ar-Ar value for the 
Maningoza Suite age mentioned in section 6.3. The age corrected values for each is as 
follows: 87Sr/86Sr = 0.70461 and 143Nd/144Nd = 0.512514. The percentage standard error of 
the initial value for Sr and Nd isotopes is shown in Table 6.3 and is calculated by using the 
analytical errors on Rb, Sr and measured isotope ratios. The analytical errors are included in 
the calculation of the initial isotope ratio to obtain the highest and lowest possible initial 
value. The percentage standard error is half the difference between the highest and lowest 





































(o = initial and i = bulk earth value at the same age) 
 
The equation used for calculating the 87Rb/86Sr ratio from Sr and Rb concentrations as well 





















































The equations for calculating the age corrected values for 87Sr/86Sr and 143Nd/144Nd are as 



































































Table 6.3: Table of strontium and neodymium data showing the measured/initial values and epsilon 
values for the Maningoza Suite. Sr0 represents initial 87Sr/86Sr, Nd0 represents initial 143Nd/144Nd and 
%SE is the percentage standard error on the initial values of Sr and Nd. Initial values are calculated to 
93.4 Ma. 
 
Figure 6.12 shows the 87Sr/86Sr versus 87Rb/86Sr data which would normally be an isochron 
diagram, however this is not the purpose here since the diagram is generated from data from 
different complexes. The different complexes did not necessarily form at the same time as 
each other. Using the data together in the diagram is only to see if there is correlation and 
hence if there is any age significance. An accurate isochron for each complex could not be 
completed for most complexes because there is only one or two data point(s) which is not 
enough to create an accurate isochron. This is the same for 143Nd/144Nd versus 147Sm/144Nd 
in Figure 6.13. It is interesting to note that the line of best fit on the Sr isochron diagram gives 
an age of 128 Ma which is close to the accepted age and the correlation of the 14 data points 
is strong (r = 0.87). The correlation of the data points for the line of best fit on the Nd 
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isochron diagram is also strong (r = 0.85) yet the age that is calculated is 1228 Ma which is 
much older than the accepted age. 
 
 





















'Age' = 128 Ma
 
Figure 6.12: Plot of 87Rb/86Sr versus 87Sr/86Sr showing a line of best fit. The age is calculated using the 
slope of the line of best fit and the equation below: )1()( −= temslope λ  where t = time in years and  


























'Age' = 1228 Ma
 
Figure 6.13: Plot of 147Sm/144Nd versus 143Nd/144Nd showing a line of best fit. The age is calculated 
using the slope of the line of best fit and the equation below: )1()( −= temslope λ  where t = time in 
years and λ = Nd decay constant. 
 
6.4.1 Variation of Strontium Isotopes with other parameters 
 
The initial Sr isotope ratio ranges from 0.70297 to 0.71783 and has an average of 0.70753 ± 
0.00451 (1σ, n = 14). Comparing the initial Sr isotope ratio against major and trace elements 
for each sample shows a good correlation with SiO2, MgO, CaO and Zr (Figure 6.14). The r 
value is higher than 0.72 in all four cases. The Sr isotope ratio increases as SiO2 and Zr 
increases and the Sr isotope ratio decreases as MgO and CaO increases. The Sr isotope 
ratio in the felsic samples is higher than that of their mafic counterparts and in most cases 








































































Figure 6.14: Graphs showing initial 87Sr/86Sr versus major and trace elements. 
 
6.4.2 Variation of Neodymium Isotopes with other parameters 
 
The initial Nd isotope ratio ranges from 0.511929 to 0.513028 with an average of 0.512380 ± 
0.000400 (1σ, n = 14). The plot of initial Nd isotope ratio against major and trace elements 
(Figure 6.15) shows that there is a strong correlation for SiO2, MgO, CaO and Zr (r > 0.78 in 
all four cases) as is the case with the Sr isotopes. The Nd isotope ratio decreases with 
increasing SiO2 and Zr content and the Nd isotope ratio increases with increasing MgO and 








































































Figure 6.15: Graphs showing initial 143Nd/144Nd versus major and trace elements. 
 
6.4.3 Comparison of Sr and Nd Isotopes 
 
The mafic Sambao (BY6F091) and basement dyke (PF06138) samples have εSr and εNd 
values similar to MORB (mid oceanic ridge basalts) as shown in Figure 6.16. The mafic 
samples from Fonjay (MI06011), Ambereny (MI06014), Berevo (PF06017) and Antanetilava 
(PF06145) have εSr and εNd values of OIB (oceanic island basalts). The felsic samples from 
Sambao (BY6F098b), Antanetilava (PF06134), Berevo (PF06026) and Ambereny (MI06016) 
show signs of crustal contamination where as the mafic and felsic samples from 
Ankibobozaka and Ambolodia both show signs of crustal contamination. The felsic samples 
of the Maningoza Suite show signs of crustal contamination where as the mafic samples are 
generally similar to MORB and OIB. Exceptions to this are the Ankibobozaka Complex and 


























Figure 6.16: Graph of εSr vs. εNd showing all the samples analysed for the Maningoza Suite. The graph 
also shows fields for mid oceanic ridge basalts (MORB) and oceanic island basalts (OIB). The arrow 
reflects the direction of increasing crustal component. 
 
6.5 Comparison of Stable and Radiogenic Isotopes 
 
Whole-rock δ18O values plotted against both εSr and εNd (calculated to 93.4 Ma) show little or 
no correlation as shown in Figure 6.17. The r value for whole-rock δ18O versus εSr is 0.14 (n = 
14) and the r value for whole-rock δ18O versus εNd is -0.15 (n = 14). When the δD values are 
plotted against both εSr and εNd (Figure 6.17) strong correlations are observed, with the 
exception of four samples. This correlation suggests that δD is related to assimilation and 
from the trend that the contaminant has a higher δD value than the Maningoza Suite magma. 
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The four samples that lie off the trend line have low δD values and also low H2O+ values. The 
samples with low H2O+ values might represent incomplete extraction of water during the 
heating process and therefore inconsistent data. Also worth noting is that if these four 
samples are removed from the plots of whole-rock δ18O versus εSr and εNd then the 
correlation is better (change from r value of 0.14 to 0.77 for Sr and change from r value of -
0.15 to -0.47 for Nd). Figure 6.17 also shows a correlation between H2O+ values and the 
radiogenic isotopes with a positive correlation between water and strontium and a negative 
correlation between water and neodymium. It appears as if the water is behaving as an 
incompatible element, increasing in more evolved rocks and suggests that the water is 































































Figure 6.17: Plots of εSr and εNd versus whole-rock δ18O, δD and H2O+ (wt. %). The values for εSr and 






Whole-rock δ18O values lower than 5.7‰ are observed for the Antanetilava Formation, 
Ambolodia Formation, Ankibobozaka Complex, Berevo Complex, Fonjay Complex and 
Ambereny Complex. The Sambao Formation has whole-rock δ18O values higher than 11‰ 
for two of its three samples. The Berevo Complex and Ambolodia Formation both have one 
sample with δ18O values higher than 11‰. All of the complexes have δ18O values which fall 
between 5.7‰ and 9‰. In all cases the δ18O values of minerals are lower than the δ18O 
values of the whole-rock of the same sample (except clinopyroxene of sample PF06020). 
Hydrogen isotopes show Rayleigh-type fractionation with low δD values associated with low 
H2O+ values suggestive of degassing. The Ankibobozaka Complex has two samples with low 
δD values (-127‰ and -124‰) and the Berevo Complex has one sample with low δD values 
(-121‰). The highest δD values are observed for the Antanetilava Formation (-62‰) and 
Ambolodia Formation (-64‰). All the complexes of the Maningoza Suite analysed for 
hydrogen isotopes appear associated with magmatic waters and show signs of degassing. 
Ar-Ar geochronology of two samples of the Maningoza Suite returned ages of 91.33 Ma and 
95.48 Ma with an average 93.4 Ma. Radiogenic isotopes show strong correlations with major 
and trace elements suggesting evolution of the Maningoza Suite involves fractional 
crystallisation and assimilation. This is further investigated in the Chapter 7. The dyke swarm 
and Sambao Formation have samples which appear to be the most primitive amongst the 
Maningoza Suite. The Berevo and Ambereny Complexes have samples which are the most 
contaminated by a crustal component. Mafic samples of the Antanetilava Formation, Berevo 
Complex, Fonjay Complex and Ambereny Complex have similar εSr and εNd values to OIB. 
The Ankibobozaka Complex and Ambolodia Formation as well as the felsic samples of the 
Antanetilava and Sambao Formations show signs of crustal contamination. A comparison of 
stable and radiogenic isotopes shows some strong correlations and suggests that hydrogen 
isotopes are related to assimilation of a crustal component. Four samples deviate from the 





7 MODELLING AND DISCUSSION 
 
The variations in the TAS diagrams presented in Chapter 5 indicate differentiation from 
basalt to rhyolite. This chapter attempts to put constraints on the mechanism of evolution of 
the magma by the use of major and trace elements and radiogenic isotopes. The major and 
trace elements are used to test for fractional crystallisation and the radiogenic isotopes are 
used to test for magma mixing. The Maningoza Suite is then compared to other Cretaceous 
igneous complexes from Madagascar to observe similarities and differences in mineral 
chemistry, major and trace elements and radiogenic isotopes. Radiogenic isotopes will also 
be used to compare the Maningoza Suite to other igneous complexes that may have evolved 
in the same way, for example the Deccan Trap lavas.  Fractional crystallisation is explored 
first in this chapter, then magma mixing and finally comparisons are made with other igneous 
complexes associated with Gondwana break-up. 
 
7.1 Fractional Crystallisation 
 
Modelling of fractional crystallisation was attempted with the use of major and trace 
elements. Semi-quantitative major element modelling of fractional crystallisation was 
performed using graphical methods, and quantitative modelling was attempted using least 
squares mixing via the DOS program ‘MIXER’. MIXER is based on the least squares 
approach of Bryan et al. (1969). Trace element modelling of fractional crystallisation was 
done using the Rayleigh Fractionation Law.  
 
7.1.1 Major Element Modelling Via Variation Diagrams 
 
Variation diagrams for major elements were first used as a semi-quantitative attempt to 
establish: the feasibility of fractional crystallisation as a model; the assemblages being 
crystallised; the amount of fractional crystallisation for each complex. The likely minerals 
involved in fractional crystallisation based on the phenocryst assemblages are plagioclase, 
augite, olivine and Ti-magnetite, and these are plotted on the variation diagrams. The 
compositions of these minerals were chosen from the data set in the mineral chemistry 
chapter (Chapter 4) as shown in Table 7.1. The program MIXER was used to refine the 
dataset for a representative composition of the minerals and is described in the next section. 
 
The decrease observed in major elements such as Fe2O3, CaO and Al2O3 as silica increases 
suggest evolution by fractional crystallisation. For example if magnetite is being crystallised 
out of the liquid and then removed the remaining melt would have a significant drop in Fe2O3. 
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The same is similar for minerals like anorthite which would decrease the amount of Al2O3 and 
CaO in the residual magma. This would lead to a decrease in these major elements as silica 
increases.  
 
In an attempt to constrain the amount of fractional crystallisation occurring from the mafic 
end-member to felsic end-member, major elements such as Al2O3 and Fe2O3 were plotted 
against SiO2 and MgO. Also plotted within these variation diagrams are minerals that reflect 
the crystallising assemblage. The method used is limited to the use of only three minerals 
per complex as the method relies on the use of triangular diagrams during the calculation. A 
fourth mineral can be shown on the diagrams as well to show that the mineral is not involved 
in the fractional crystallisation process.  
 
 
Table 7.1: Major element weight percentages for the minerals plagioclase, augite, Ti-magnetite and 
olivine. The data was taken from the mineral chemistry dataset (Tables A1 to A4 in the Appendix) and 
then refined using the program MIXER for the best representative compositions. 
 
All the complexes were modelled using plagioclase, augite and Ti-magnetite based on trends 
observed on the variation diagrams. Figure 7.1, Figure 7.2 and Figure 7.3 show selected 
variation diagrams that were used in calculating the amount of fractional crystallisation for 
each complex. The variation diagrams shown are SiO2 plotted against CaO and Al2O3. Also 
included on the diagrams are the minerals plagioclase, augite and magnetite-used in the 
calculation for each complex-as well as olivine. The line indicates fractional crystallisation 
from the mafic sample to the felsic sample.  
 
Figure 7.1 also shows that for SiO2 plotted against CaO some of the samples for the 
Ambolodia, Antanetilava and Sambao Formation appear have undergone fractionation of 
augite before fractionating an assemblage of plagioclase, augite and magnetite. The 
Antanetilava Formation also appears to show fractionation of plagioclase before fractionating 
the main assemblage as shown in the plot of SiO2 against Al2O3.  
 
Figure 7.2 shows a similar behaviour of augite fractionation for the Ankibobozaka, 
Ambohitrosy and Fonjay Complexes in the plot of SiO2 against CaO. The Fonjay and 
Ambohitrosy Complexes also appear to show plagioclase fractionation before fractionating 
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out an assemblage of plagioclase, augite and magnetite as shown in the plot of SiO2 against 
Al2O3.  
 
Figure 7.3 also shows signs of plagioclase fractionation before fractionating out an 
assemblage of plagioclase, augite and magnetite for the Berevo and Ambereny Complexes 
as shown in the plot of SiO2 against Al2O3.  
 










































































Figure 7.1: Selected variation diagrams SiO2 against MgO and Al2O3 for the Ambolodia, Antanetilava 
and Sambao Formations. Included in the diagram are the minerals used in the calculation where Plag = 
plagioclase, Aug = augite, Mag = magnetite and Ol = olivine. 







































































Figure 7.2: Selected variation diagrams SiO2 against MgO and Al2O3 for the Ankibobozaka, 
Ambohitrosy and Fonjay Complexes. Included in the diagram are the minerals used in the calculation 
where Plag = plagioclase, Aug = augite, Mag = magnetite and Ol = olivine. 
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Figure 7.3: Selected variation diagrams SiO2 against MgO and Al2O3 for the Berevo and Ambereny 
Complexes as well as the dyke swarm. Included in the diagram are the minerals used in the calculation 
where Plag = plagioclase, Aug = augite, Mag = magnetite and Ol = olivine. 
 
Table 7.2 gives an estimate of how much fractional crystallisation each complex has 
undergone according to the calculations done using the variation diagram technique 
described previously. The amount of fractional crystallisation is expressed as a percentage 
and was calculated from the lowest SiO2 to the highest SiO2. An attempt was made to 
exclude cumulates from the calculation. The lowest amount of fractionation estimated is 
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found in the Sambao Formation (68%) and the Ambolodia Formation (69%). The 
Ankibobozaka and Berevo Complexes both have 76% fractional crystallisation and the 
Antanetilava Formation has 80% fractional crystallisation. The dyke swarm and the 
Ambolodia Formation are estimated to have undergone 81% and 82% fractional 
crystallisation respectively. The highest amounts of fractionation are estimated for the Fonjay 
Complex (84%) and the Ambereny Complex (86%).  
 
Table 7.2 also shows that the highest percentage of plagioclase fractionation is estimated for 
the Fonjay (60%) and Ambohitrosy Complexes (50%). The Antanetilava Formation and 
Ambereny Complex are both estimated to fractionate out 45% plagioclase. The 
Ankibobozaka Complex, Berevo Complex, Sambao Formation and the Ambolodia Formation 
are all estimated to fractionate 40% plagioclase. The lowest amounts of plagioclase being 
fractionated out are estimated to be in the dyke swarm (35%). The estimated amount of 
augite being fractionated ranges between 40% and 50% for all complexes except for the 
Fonjay Complex which is estimated to have fractionated 35% augite. Magnetite is estimated 
to have fractionated between 10% and 20% for all complexes except for the Fonjay Complex 




Table 7.2: The amount of fractionation calculated from the lowest SiO2 wt. % to highest SiO2 wt. % 
and the amount of plagioclase, augite, magnetite and olivine being fractionated for each complex. 
 
7.1.2 Major Element Modelling using the Least Squares Method 
 
The program MIXER has been used in conjunction with the variation diagrams method in the 
above section to refine mineral compositions and to check the accuracy of the variation 
diagrams method. The MIXER program models crystal fractionation by using the least 
squares method. Table 7.3 shows the outputs for fractional crystallisation from PF06150 
(parent) to PF06147 (daughter) for the Antanetilava Formation and from PF06136 (parent) to 
PF06116 (daughter) for the Ambolodia Formation. The modelling in MIXER was done by 
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calculating the addition of crystals back into the liquid (i.e. addition required from the 
daughter sample to reach the parent sample). The samples were chosen because they are 
fine-grained volcanic samples and are most likely to represent liquids.  
 
As shown in Table 7.3 the amount of crystal fractionation is 76.5% for the Antanetilava 
Formation and 65.1% for the Ambolodia Formation. The minerals being fractionated out are 
plagioclase, clinopyroxene, Ti-magnetite and olivine.  Mineral proportions have been 
recalculated to 100% giving 46% plagioclase, 38% clinopyroxene, 11% Ti-magnetite and 5% 
olivine for the Antanetilava Formation. For the Ambolodia Formation the mineral proportions 
are 41% plagioclase, 37% clinopyroxene, 17% Ti-magnetite and 4% olivine. 
 
A comparison between the least squares method and the variation diagrams method shows 
a good correlation with the Antanetilava Formation estimated to have 80% fractional 
crystallisation with the variation diagrams method and 76.5% for the least squares method. 
The Ambolodia Formation has a fractional crystallisation estimate of 69% for the variation 
diagram method and 65.1% for the least squares method. In terms of the minerals 
assemblage the estimates of plagioclase and Ti-magnetite are similar with a maximum 
difference of 2% between the two methods. The main difference between the two methods is 
the estimates of clinopyroxene and olivine where the variation diagrams method does not 







Table 7.3: Modelling of crystal fractionation from PF06150 to PF06147 for the Antanetilava 
Formation, and from PF06116 to PF06136 for the Ambolodia Formation. Compositions of all four 
samples are also given. Samples PF06150 and PF06136 represent the parent rocks and the samples 
PF06147 and PF06116 represent the daughter rocks. 
 
7.1.3 Trace Element Modelling 
 
The amount of fractional crystallisation has been further investigated by the use of trace 
elements. The trace element concentrations for felsic end-member rocks can be estimated 
using partition coefficients and the amount of fractionation calculated using major elements. 
The calculated value is then compared to the actual trace element concentrations in felsic 
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end-members in the same complex for accuracy and variations. The Rayleigh Fractionation 
Law was used as the model for trace elements and partition coefficients used are shown in 














Where  Cl  = concentration of element in liquid 
 Co  = concentration of element in initial liquid 
 F  = weight fraction of liquid remaining 
 D  = bulk partition coefficient 
 D  = mineral/melt partition coefficient 





Table 7.4: Partition coefficients used in the trace elements calculations for the minerals plagioclase, 
clinopyroxene, magnetite and olivine taken from Rollinson 1993. 
 
Table 7.5 and Table 7.6 show that the calculated values for Zr are much higher than the 
actual values for all complexes. In general the difference is between 100 and 200ppm. This 
is possibly due the high percentages of crystal fractionation as shown in section 7.1.1, which 
are used in the calculation. The calculated concentration of Zr increases exponentially as the 
percentage of fractional crystallisation increases. Nb shows a similar characteristic of higher 
calculated concentrations than the actual concentrations except for the Ambolodia and 
Sambao Formation. Both formations have the lowest estimates of fractional crystallisation 
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(68% for Sambao and 69% for Ambolodia) and it is likely that an accessory mineral 
containing Nb is being fractionated in the other complexes. The trace element Y is consistent 
with all complexes except for the Berevo Complex, the Antanetilava Formation and the dyke 
swarm. Sr is consistent with all complexes except for the Antanetilava Formation, Sambao 
Formation and Fonjay Complex. Rb is consistent with all complexes except for the 
Antanetilava Formation, Fonjay Complex and Ambereny Complex. 
 
The calculated concentrations for Ba are always higher than the actual concentrations except 
for the Fonjay Complex and the dyke swarm. The discrepancy is likely due to the fact Ba 
substitutes for potassium in micas and K-feldspar which are not included in the modelling 
(Green 1980). The Fonjay Complex has calculated concentrations close to that of the actual 
concentrations which is explained by there being little or no fractionation of K-feldspar and 
micas in the complex. The dyke swarm has higher concentration of Ba than calculated 
suggesting the sample has a higher amount of K-feldspar than expected. The trace element 
U is consistent with all the complexes of the Maningoza Suite. The compatible elements V, 
Ni and Cr are inconsistent with all of the complexes of the Maningoza Suite. The partition 
coefficients for V, Ni and Cr are important to obtain good calculated concentrations and it is 
possible that because the modelling excludes olivine the bulk D values could give rise to the 





Table 7.5: Selected trace element calculations for the Ambolodia, Antanetilava and Sambao 
Formations as well as the Ankibobozaka Complex. Calculated and actual values for the felsic end-







Table 7.6: Selected trace element calculations for the Berevo, Fonjay and Ambereny Complexes as 
well as the dyke swarm. Calculated and actual values for the felsic end-member are included as well as 
the bulk partition coefficient D. 
 
Figure 7.4 shows REE plots comparing the actual and calculated concentrations of the 
elements La, Ce, Eu and Yb taken from Tables 7.5 and 7.6. The comparisons show that the 
actual and calculated concentrations of all four elements are consistent in the Ambolodia 
Formation, Antanetilava Formation, Ankibobozaka Complex, Ambereny Complex and Berevo 
Complex. The concentrations of the elements Eu and Yb are consistent for the Sambao 
Formation but the calculated concentrations for La and Ce are much lower than the actual 
concentrations. The dyke swarm is similar to the Sambao Formation with calculated 
concentrations for La and Ce being much lower than the actual concentrations. The 
calculated concentrations for Eu are also lower than the actual concentrations and only the 
element Yb is consistent in the dyke swarm. The elements La and Ce are consistent in the 
Fonjay Complex but the calculated concentrations for Eu are much lower than the actual 
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Figure 7.4: REE plots comparing the actual values and calculated concentrations of La, Ce, Eu and Yb 



























































































































































7.2 Magma mixing 
 
Modelling of mixing relationships between end-members has been attempted using the Sr 
and Nd isotope data as the ratios are not affected by differentiation or if the sample is a 
cumulate. This provides a method to model the Maningoza Suite for possible contamination 
by using a primitive end-member from the Maningoza Suite and lower crust end-members. 
There is a lack of available radiogenic and stable isotope data on the surrounding basement 
rocks of the Maningoza Suite (Bekodoka and Ambohipaky inliers) and in an attempt to model 
possible contamination other lower crust/basement rock that is likely to be similar to the 
inliers are investigated.  General mixing equations obtained from Langmuir et al. (1978) were 
used to determine how much mixing of each isotope ratio was needed to achieve the same 
values as felsic end members of the Maningoza Suite.  







−=  were used, where 
 x  = variable along abscissa 
 y  = variable along ordinate 
 A, B, C, D = coefficients of general variables x and y. 
 
In this case the x variable is the initial 87Sr/86Sr ratio and the y variable is the initial 
143Nd/144Nd. 
 
Sample BY6F091 was chosen as the Maningoza Suite’s most primitive sample with the 
highest initial Nd ratio and lowest initial Sr ratio (Table 7.7). Table 7.7 also shows Sr and Nd 
data for possible contaminants that are Archaean in age and related to Madagascar. Sr and 
Nd data was taken from Melluso et al. (2001) on the Mailaka area for a Precambrian 
leucogranite which could have similar radiogenic isotopes to the Bekodoka and Ambohipaky 
inliers. The Mailaka area is also located in central west Madagascar. The Maevatanana 
gneisses represent the Archaean basement rocks of north-central Madagascar with Sr and 
Nd data taken from Tucker et al. (1999). Sr and Nd data for Precambrian rocks of the Indian 
Dharwar craton and Tanzania craton are also included in the mixing models as the 
Neoarchaean rocks of the Antananarivo Block (Bekodoka and Ambohipaky inliers) have 
been postulated as being associated with either of these cratons (Tucker et al. 1999, Kroner 
et al 2000, Collins et al 2000, and Collins and Windley 2002). Sr and Nd data for the Dharwar 
tronalitic-trondhjemitic-granodioritic (TTG) basement was taken from Jayananda et al. (2000) 






Table 7.7: Sr and Nd concentrations as well as initial Sr ratios and initial Nd ratios for selected 
contaminants. Initial Sr and Nd ratios for all contaminants are calculated to 93 Ma. 
 
Figure 7.5 shows the plot of initial neodymium ratio against initial strontium ratio with mixing 
curves between the Maningoza Suite (Table 6.3) and the different contaminants mentioned 
above. Sample BY6F091 was used as one end-member and the contaminants were used as 
the other end-member in the equations. All the data of the Maningoza Suite are included on 
the plot to observe if the data fits any of the mixing curves. The primitive samples of the 
Maningoza Suite have a similar trend to the mixing curve between BY6F091 and the 
Maevatanana gneiss as well the curve between BY6F091 and the Dharwar TTG. It appears 
that approximately 35% mixing could occur between sample BY6F091 and a contaminant 
similar to the Maevatanana gneiss although two samples of the Maningoza Suite deviate 
from the curve. Similarly about 20% mixing could occur between sample BY6F091 and a 
contaminant similar to the Dharwar TTG. It is possible that the two samples that deviate from 
the mixing curves have either come into contact with a different contaminant at a later stage 
or that a contaminant other than the ones selected here is the main end-member with partial 






































Figure 7.5: Plot of initial 143Nd/144Nd against 87Sr/86Sr showing the mixing curves between the 
Maningoza Suite (sample BY6F091 as an end-member) and the selected contaminants in Table 7.7 as 
the other end-members. The percentages indicate the amount of simple mixing between the 
Maningoza Suite and selected end-members.  
 
Figure7.6 shows mixing curves between sample BY6F091 and the selected possible 
contaminants and also includes mixing curves with partial melts of the contaminants. This is 
done to illustrate the effect of partial melting on the source contaminant. The percentages 
represent the amount of mixing and the dotted lines represent different amounts of partial 
melting of the source contaminant. Figure 7.6 also shows that for the curves between the 
Maningoza Suite and the Mailaka leucogranite, the Dharwar TTG and the Maevatanana 
gneisses have significant changes in Nd first followed by a significant change in Sr. This 
suggests that the contaminants have high Nd and low Sr concentrations and the source 
(sample BY6F091) has low Nd and high Sr concentrations. The Tanzania gneisses have 
much higher concentrations of Sr and lower concentrations of Nd but as partial melting 




Mixing between the Maningoza Suite and partial melts of the Mailaka leucogranite estimates 
up to 20% mixing with a 60% partial melt and roughly 35% mixing with a 45% partial melt. 
Roughly 20% mixing with a 45% partial melt of the Maevatanana gneisses is estimated as 
well as 35% mixing with a 25% partial melt is estimated. Mixing with the Dharwar TTG is 
estimated to roughly 10% mixing with a 30% partial melt and 20% mixing with a 15% partial 
melt. Roughly 10% mixing with a 60% partial melt of the Tanzania gneisses as well as 25% 
mixing with 45% and 30% partial melts is estimated. Three data points of the Maningoza 
Suite do not plot on the partial melt mixing curves of the Maevatanana gneisses and four 
data points do not plot on the partial melt mixing curves of the Dharwar TTG. For the 
Tanzania gneisses and Mailaka leucogranite only two data points of the Maningoza Suite do 
not plot on the partial melt mixing curves.  
 









































































































































Figure 7.6: Plots of initial 143Nd/144Nd against 87Sr/86Sr showing the simple mixing between sample 
BY6F091 of the Maningoza Suite and the partial melts of the possible contaminants.  The percentages 
represent the amount of mixing with the contaminant. The arrow represents the direction of increasing 
partial melting of the contaminant and the dotted lines each represent a different percentage of partial 




In summary each complex of the Maningoza Suite was treated separately in the fractional 
crystallisation modelling as different methods of differentiation for the complexes can occur. 
The amount of fractional crystallisation estimated using the variation diagrams method 
ranges from 68% to 86% for the Maningoza Suite with assemblages of 35% - 60% 
plagioclase, 35% - 50% augite and 5% - 20% magnetite. The two examples of fractional 
crystallisation using the least squares method are consistent with the variation diagrams 
method except that the least squares method has lower percentages of augite to 
accommodate for inclusion of olivine in the modelling. Trace element modelling tended to 
agree for elements such as U, Zr, Sr, Y and Rb for at least 5 different complexes. Nd and Ba 
were less consistent as explained by an accessory mineral compatible with Nb being 
fractionated and the modelling not including K-feldspar (Ba compatible). Compatible 
elements V, Ni and Cr were inconsistent in all cases possibly due to olivine not being 
included in the modelling. The modelling of the four REE agreed for the Ambolodia 
Formation, Antanetilava Formation, Ankibobozaka Complex, Ambereny Complex and Berevo 
Complex. Two of the four REE were inconsistent for the Fonjay Complex, Sambao Formation 
and the dyke swarm. The magma mixing of the Maningoza Suite is modelled with all samples 
grouped together as the isotopes data is less affected by variations in magmatic 
differentiation and the mantle end-member and crustal end-member are the same. Without 
partial melting included in the mixing equations a 35% mix between the mantle end-member 
and the Maevatanana gneisses and a 20% mix between the mantle end-member and the 
Dharwar TTG is estimated. If partial melting is included in to the mixing equations then all 
four contaminants can be considered with a range of 10% - 35% mixing occurring depending 
on source contaminant. The partial melting of the contaminants ranges from 15% (Dharwar 
TTG) to 60% (Mailaka leucogranite and Tanzania gneisses). In general it is estimated that 
the mixing with higher partial melts of the contaminant is less than the mixing with lower 
partial melts.  
 
7.3 Comparisons with Madagascan and Other Similar Complexes 
 
The Maningoza Suite data has been further investigated by comparing it to the data of other 
complexes that are similar in type and/or age. The Maningoza Suite data sets are first 
compared to complexes from Madagascar that are similar in age and secondly to complexes 




7.3.1 Comparisons with other Madagascan Complexes 
 
The Maningoza Suite is compared to the following Cretaceous igneous complexes: Mailaka 
(Melluso et al. 2001), Antampombato-Ambatovy (Melluso et al. 2005), Androy (Mahoney et 
al. 2008) and the Morondava Complex (Bardintzeff et al. 2001). The Maningoza Suite is 
compared to these complexes because they are of a similar age and are suggested to be 
related to Gondwana rift magmatism. The locations of the complexes are shown in Figure 
7.7. The mineral chemistry from the Mailaka, Antampombato-Ambatovy and Morondava 
complexes is compared to the Maningoza Suite as shown in Figures 7.8, 7.9 and 7.10. 
Selected major elements and trace elements from the all the complexes mentioned, except 
the Morondava Complex, are compared to the Maningoza Suite and as shown in Figures 
7.11 and 7.12. The radiogenic isotopes Sr and Nd have also been compared between the 
Maningoza Suite, Antampombato-Ambatovy, Androy, and Mailaka Complexes as shown in 
Figure 7.13.  
 
Figure 7.7: Map of Madagascar showing the locations of Cretaceous igneous rocks. Modified after 







The Maningoza Suite feldspars range from An95Ab3Or2 to An0Ab99Or1 and from An0Ab99Or1 to 
An0Ab2Or98 (Figure 7.8). The Antampombato-Ambatovy Complex feldspars have a similar 
range of anorthite to albite with An88Ab11Or0 to An5Ab91Or4 but not as much orthoclase 
(An5Ab71Or24). The Mailaka Complex plagioclases have a range of anorthite to albite that is 
not as wide as the Maningoza Suite with An72Ab28Or0 to An9Ab86Or5. The Morondava 
Complex has anorthite rich plagioclases (An82Ab18Or0) similar to the Maningoza Suite but the 
Morondava plagioclases’ highest albite percentage is 57% (An42Ab57Or1). 



















Figure 7.8: Ternary diagram for feldspars with the Maningoza Suite, Mailaka Complex, 
Antampombato-Ambatovy Complex and Morondava Complex plotted. An = anorthite, Ab = albite 
and Or = orthoclase. 
 
The Maningoza Suite pyroxenes are all augitic in composition and are Mg-rich. The 
composition of the pyroxenes from the Maningoza Suite typically ranges from En49Fs19Wo33 
to En41Fs14Wo45. Figure 7.9 shows that the Morondava Complex pyroxenes are also augitic 
in composition (En41Fs14Wo45 to En37Fs26Wo37) with the exception of one sample being 
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pigeonite-type in composition (En57Fs33Wo10). The Antampombato-Ambatovy Complex has a 
much wider variety of pyroxene compositions than the Maningoza Suite and the Morondava 
Complex. The pyroxenes are classified as diopside (En41Fs9Wo50), augite (En44Fs14Wo42) 
and ferrosilite (En25Fs72Wo3). The Mailaka Complex has an even wider variety of pyroxene 
compositions and they are classified as diopside (En28Fs26Wo46), hedenbergite 








Figure 7.9: The Maningoza Suite, Mailaka Complex, Antampombato-Ambatovy Complex and 
Morondava Complex plotted on the pyroxene quadrilateral. Di = diopside, Hd = hedenbergite, En = 
enstatite and Fs = ferrosilite 
 
The olivines of the Maningoza Suite range from a composition of Fo74 to Fo45 as shown in 
Figure 7.10. The Antampombato-Ambatovy Complex olivines all have forsterite compositions 
that are higher than that of the Maningoza Suite. The olivines range from Fo87 to Fo75 in 
composition. The Morondava Complex has olivines which range from Fo88 to Fo29, a higher 
forsterite composition than the Antampombato-Ambatovy Complex and a lower forsterite 
composition that the Maningoza Suite olivines. The Mailaka Complex olivines have the 










Figure 7.10: Olivine compositions for the Maningoza Suite, Mailaka Complex, Antampombato-
Ambatovy Complex and Morondava Complex plotted on a Fo/Fa line. Fo = forsterite and Fa = 
fayalite. 
 
Major and Trace Elements 
 
The Maningoza Suite shows a negative correlation between MgO and SiO2 as shown in 
Figure 7.11. The Mailaka Complex and the Androy Complex show very similar trends of 
decreasing MgO and the Maningoza Suite samples overlap the data of these two complexes. 
The Antampombato-Ambatovy Complex also shows a similar trend to that found in the 
Maningoza Suite but has more mafic samples (higher MgO and lower SiO2 wt. % 
concentration) than the Maningoza Suite. For TiO2 plotted against SiO2 the Maningoza Suite 
first shows a positive trend then a negative trend after roughly 54% SiO2. The 
Antampombato-Ambatovy and Mailaka Complexes follow the same trend where as the 
Androy Complex, although following the same trend, has much higher concentrations of 
TiO2. The plot of Al2O3 against SiO2 shows the Maningoza Suite has a steep decrease of 
Al2O3 as SiO2 increases which levels out to a gentler slope at roughly 50% SiO2. The Mailaka 
and the Androy Complexes have the same slopes as the gentle slope of the Maningoza 
Suite. The Antampombato-Ambatovy Complex also follows the gentle slope of the 
Maningoza Suite but has a positive trend for its samples that are less than 50% SiO2. The 
plot of CaO versus SiO2 shows similar trends of decreasing CaO as SiO2 increases for the 
Maningoza Suite, Mailaka Complex and Androy Complex. The Antampombato-Ambatovy 
Complex first shows an increase of CaO and then a decrease of CaO as SiO2 increases. The 
trend of decreasing CaO as SiO2 increase for the Antampombato-Ambatovy Complex is 
similar to that of the Maningoza Suite.  
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Figure 7.11: Plots of major elements against SiO2 wt. % for the Maningoza Suite, Androy Complex, 
Antampombato-Ambatovy Complex and Mailaka Complex.  
 
Figure 7.12 shows positive trends for Zr and Nb plotted against SiO2 for the Maningoza 
Suite. The Mailaka Complex follows the same trends and plots closely with the Maningoza 
Suite. The Androy Complex and Antampombato-Ambatovy Complex show similar trends but 
the data is more widespread. The Maningoza Suite shows increasing Rb as Zr increases as 
well as increasing Nb as Zr increases and the Mailaka Complex again plots closely with the 
Maningoza Suite. The Antampombato-Ambatovy Complex shows a similar trend with the 
Maningoza Suite but its data set is more widespread where as the Androy Complex shows 
similar trends but has much higher concentrations of Zr, Rb and Nb. The trace elements Zr, 



























































Figure 7.12: Plots of trace elements against SiO2 wt. % and against Zr (ppm) for the Maningoza Suite, 




A study of the radiogenic isotope data shows that the Maningoza Suite has similar εSr and εNd 
values when compared to the Antampombato-Ambatovy Complex. Two samples from the 
Maningoza Suite plots within the field of the Antampombato-Ambatovy Complex with positive 
εNd values and negative εSr values (Figure 7.13). The same two samples also plot within the 
field of the Mailaka Complex. A further 6 samples of the Maningoza Suite plot within the 
Mailaka Complex, with one sample having negative εSr and positive εNd values, another 
sample having negative εSr and εNd values and the last four having positive εSr and negative 
εNd values. This means 8 out of the 14 samples of the Maningoza Suite plot within the field of 
the Mailaka Complex. Three samples from the Maningoza Suite plot within the field of the 
Androy Complex with one of the samples also plotting with in the Mailaka Complex’s field. 
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These three samples have positive εSr and negative εNd values. This leaves four samples 
from the Maningoza Suite and these do not plot in any of the other complex’s fields. Two of 
these last four samples have negative εSr and positive εNd values and the other two have 
positive εSr and negative εNd values. 
 














Figure 7.13: Plot of εSr against εNd for the Maningoza Suite, Antampombato-Ambatovy Complex, 
Mailaka Complex and Androy Complex.  
 
7.3.2 Comparison with the Karoo Large Igneous Province and Deccan Traps 
 
The Maningoza Suite was compared with rhyolites of the Jurassic Lebombo volcanic rifted 
margin of southern Africa and the Cretaceous/Tertiary Deccan Traps of India which are also 
associated with the gradual break-up of Gondwana (Dostal et al. 1992). These three igneous 
complexes might have a similar primitive end-member even though the ages are different as 
 
 122 
the mantle source may not have changed much over 120 Ma. Comparing the suites to each 
other provides further constraints on the volcanism during the period of the break-up of 
Gondwana. Data for the Deccan Traps are taken from Lightfoot et al. (1987) and Lightfoot 
and Hawkesworth (1988), and the data for the Lebombo rhyolites are taken from Miller and 
Harris (2007). 
 
Karoo Large Igneous Province 
 
The data from the Maningoza Suite were compared to the data from rhyolites of the 
Lebombo rifted volcanic margin located in the Karoo large igneous province of south east 
Africa. Figure 7.14 shows the radiogenic isotope ratios of the felsic samples of Maningoza 
Suite and the Lebombo rhyolites for Sr and Nd. The felsic samples of the Maningoza Suite 
have higher εSr and lower εNd values than the Lebombo rhyolites and only two samples of the 
Maningoza Suite plot near the Southern Lebombo field. This suggests that the Lebombo 
rhyolites and the felsic samples of the Maningoza Suite are different and that different 
contaminants were involved. 
 













Figure 7.14: Plot of εSr against εNd for the felsic samples of the Maningoza Suite and the rhyolites of 
the Lebombo rifted volcanic margin. Epsilon values have been calculated to 93Ma for the Maningoza 




Deccan Trap Lavas 
 
The Deccan Trap lavas of the Western Ghats in India were compared to the Maningoza 
Suite with the use of Sr and Nd isotopes. Figure 7.15 shows εSr and εNd values for six 
formations of the Deccan Trap lavas as well data from the Maningoza Suite. The Maningoza 
Suite has much lower εSr values and higher εNd values than the Deccan Trap lavas. This 
difference could be due to a different mantle source. Overall the Maningoza Suite trend 
follows closely with the Mahabaleshwar, Desur, Poladpur and Bushe Formations of the 
Deccan Traps. The highest εSr and lowest εNd values of the Maningoza Suite plot close to the 
Bushe Formation of the Deccan Traps. This is likely due to the Maningoza Suite assimilating 
a similar contaminant to that of the Deccan Traps.  
  
















Figure 7.15: Plot of εSr against εNd for the Maningoza Suite and six formations of the Deccan Trap 
lavas. Epsilon values have been calculated to 90Ma for the Maningoza Suite and 60Ma for the Deccan 
Trap lavas. The Deccan Trap lava fields are taken from Lightfoot and Hawkesworth 1988, and 







The geochemical modelling of the Maningoza Suite gives estimates of 68% to 86% fractional 
crystallisation with assemblages of 35% - 60% plagioclase, 35% - 50% augite and 5% - 20% 
magnetite. The graphical method and least squares method are consistent with each other 
except that the least squares method allows olivine to be included into the calculation along 
with plagioclase, augite and Fe-Ti oxide. As a result the two methods only differ in that the 
least squares method estimates lower proportions of augite to accommodate for olivine. 
Fractional crystallisation modelling works for the variations observed in major and trace 
elements, however, the radiogenic isotopes Sr and Nd suggest assimilation is also occurring. 
Simple magma mixing modelling was done to estimate the amount of mixing required 
between a primitive source and crustal contaminant to accommodate the Maningoza Suite 
data. Without partial melting included in the mixing equations a 35% mix between the mantle 
end-member and the Maevatanana gneisses and a 20% mix between the mantle end-
member and the Dharwar TTG is estimated. If partial melting is included in the mixing 
equations then all four contaminants can be considered with a range of 10% - 35% mixing 
occurring depending on source contaminant. The partial melting of the contaminants ranges 
from 15% (Dharwar TTG) to 60% (Mailaka leucogranite and Tanzania gneisses). 
 
The Maningoza Suite has similar feldspar compositions to the Androy, Antampombato-
Ambatovy and Mailaka Complexes except that the Maningoza Suite has more compositions 
ranging towards orthoclase. The Maningoza Suite has the smallest range in clinopyroxenes 
with all compositions being augitic and most similar to the Androy Complex. The 
Antampombato-Ambatovy and Mailaka Complexes have more widespread compositions of 
clinopyroxenes than the Maningoza Suite. The Mailaka and Androy Complexes also have 
more widespread olivine compositions than the Maningoza Suite. The Antampombato-
Ambatovy Complex has small ranges in olivine composition like that of the Maningoza Suite 
but they have higher forsterite compositions. The Antampombato-Ambatovy Complex also 
shows different correlations in the major element variation diagrams where as the Androy 
and Mailaka Complexes show the same correlations to the Maningoza Suite. The trace 
element variation diagrams show that the Androy Complex has two distinct groups in its 
dataset where as the Mailaka and Antampombato-Ambatovy Complexes compare well to the 
Maningoza Suite. The Mailaka and Antampombato-Ambatovy Complexes appear to have a 
similar source to that of the Mailaka Complex when εNd and εSr are plotted against each 
other. The Maningoza Suite shows similar contamination to the Androy and Mailaka 
Complexes where as the Antampombato-Ambatovy Complex shows no contamination. 
Overall the Maningoza Suite is similar to the Mailaka Complex. Comparison of the felsic 
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samples of the Maningoza Suite to the Lebombo rhyolites shows that they are very different 
from each other and that they had different contaminants to each other. Comparison of the 
Maningoza Suite and the Deccan Trap lavas shows that it is possible that a similar primitive 






• The Maningoza Suite consists of the Ambereny, Ambohitrosy, Ankibobozaka, Berevo, 
Fonjay and Maningoza Complexes. The Maningoza Complex further consists of the 
Ambolodia, Antanetilava and Sambao Formations. The Ambereny, Ankibobozaka and 
Fonjay Complexes consist of fine- to medium-grained rocks and the Ambohitrosy 
Complex consists of fine- and coarse-grained rocks. The dykes of the Maningoza 
Suite consist of fine- to medium-grained rocks and the Berevo Complex consists of 
fine- to coarse-grained rocks. The Antanetilava Formation consists of fine- to 
medium-grained rocks and the Ambolodia and Sambao Formations only consist of 
fine-grained rocks. 
 
• Mineral chemistry of the Maningoza Suite shows a large range in feldspar 
compositions. These range from almost pure anorthite (An95Ab5Or0) through albite to 
orthoclase (An0Ab2Or98) for most of the complexes. The Fonjay Complex has only 
calcium-rich feldspars (An88Ab12Or0 – An59Ab39Or2) reflective of its mafic samples and 
the Sambao Formation has feldspars which are mainly sodium-rich tending towards 
the anorthite end-member (An51Ab47Or2 – An4Ab96Or0). Clinopyroxenes of the 
Maningoza Suite all have an augitic composition plotting below the field of diopside 
with little variation on the pyroxene quadrilateral. Olivine compositions for the 
Ambereny, Ambohitrosy and Berevo Complexes are magnesium-rich with a range in 
composition of Fo74 to Fo64. The olivine composition of the dyke swarm is slightly 
more iron-rich with a composition of Fo60 to Fo45. Oxide compositions range from 
Hm100Ilm0 (Berevo Complex) to Hm17Ilm83 (Fonjay Complex).  
 
• TAS diagram classifications for the volcanic formations Ambolodia, Antanetilava and 
Sambao show samples within the basalt field. The three formations show a trend of 
evolution from basalt towards rhyolite with the Sambao and Antanetilava Formations 
having samples in the rhyolite field and the Ambolodia Formation having samples 
only as evolved as a dacite. TAS diagram classifications for the hypabyssal 
complexes Ambereny, Ankibobozaka, Berevo and Fonjay show most samples within 
the basalt and rhyolite field with only 5 samples out of 34 not within those two fields. 
The Ambohitrosy Complex has a much wider range than the other four complexes 
with samples plotting within the basanite, picrobasalt and basalt fields to the trachyte, 
dacite and rhyolite fields. The Ambohitrosy Complex also shows samples that are 
intermediate in silica composition similar to that of volcanic formations where as the 
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Ankibobozaka, Berevo and Ambereny Complexes have no intermediate samples. 
The Fonjay Complex has one intermediate sample within the trachyandesite field.  
 
• The trends observed in variation diagrams of major elements plotted against SiO2 
suggest fractional crystallisation. All the complexes show that there is a constant 
negative correlation between CaO and SiO2 which suggests fractionation of a mineral 
such as plagioclase and/or clinopyroxene. Titanium and iron show positive 
correlations with SiO2 at first and then negative correlations with SiO2. An explanation 
for this change in correlation could be the start of Fe-Ti oxide fractionation. Variation 
diagrams of trace elements plotted against SiO2 also suggest fractional crystallisation. 
 
• The volcanic rocks of the Ambolodia, Antanetilava and Sambao Formations show 
similar REE patterns to each other where the mafic samples have low concentrations 
of REE and the felsic samples have low concentrations of HREE and high 
concentrations of LREE. Typically the felsic samples also show an increasing 
negative Eu anomaly indicating fractionation of feldspars. Sample BY6F148 of the 
Sambao Formation is an exception as it is a felsic sample (SiO2 = 76% wt.) that has 
lower concentrations of LREE than HREE and has a large negative Eu anomaly. The 
complexes show a similar pattern to the volcanic formations where the mafic samples 
have low concentrations of REE and the felsic samples have low concentrations of 
HREE and high concentrations of LREE. The Berevo, Ankibobozaka, Ambereny and 
Ambohitrosy Complexes show negative Eu anomalies in the felsic samples similar to 
that of the volcanic formations distinctive of fractionation of feldspars. The Berevo, 
Fonjay and Ambereny Complex also show positive Eu anomalies in their mafic 
samples which also have the lowest concentration of HREE and LREE. This implies 
that these samples are feldspar cumulates. 
 
• The Ar - Ar geochronology of the Maningoza Suite gives an average age of 93.4 Ma 
and is consistent with the Maningoza Suite being emplaced during the Cretaceous. 
This confirms that the Maningoza Suite is associated with the break-up of Gondwana. 
 
• Whole-rock δ18O values compared with mineral δ18O values suggest that the minerals 
and surrounding rock are not in equilibrium. In the Berevo Complex the mineral δ18O 
values are lower than the whole-rock values. It is possible that the whole-rock δ18O 
values of the ground-mass has been altered and homogenised to slightly higher 




• Low whole-rock δ18O values suggest either low δ18O magma emplacement or 
hydrothermal alteration after emplacement. Low whole-rock δ18O values are observed 
from the Antanetilava Formation, Ambolodia Formation, Ankibobozaka Complex, 
Berevo Complex, Fonjay Complex and Ambereny Complex.  
 
• The hydrogen isotopes can be explained by Rayleigh-type fractionation suggesting 
degassing in the samples with low δD values has occurred. The combined oxygen 
and hydrogen isotopes composition suggests that the fluid involved in these rocks is 
magmatic in origin. 
 
• Radiogenic isotopes show good correlations with major and trace elements and this 
is typical of fractional crystallisation associated with assimilation. The plot of εNd 
versus εSr shows that one sample of Sambao Formation and one sample of the dyke 
swarm are the most primitive samples of the Maningoza Suite. The samples of the 
Maningoza Suite show a trend towards a crustal component. The Berevo Complex 
and the Ambereny Complex show the most evidence that a crustal component is 
involved.  
 
• Stable isotopes compared to radiogenic isotopes suggests that the stable isotopes 
are somewhat associated with assimilation of a crustal component but more data is 
required for a better understanding. 
 
• The estimated amount of fractional crystallisation in the Maningoza Suite ranges from 
68% to 86% with mineral assemblages of 35% - 60% plagioclase, 35% - 50% augite 
and 5% - 20% Ti-Fe oxide. While one method was used to model the fractional 
crystallisation of all the complexes of the Maningoza Suite a second method was 
used on two complexes to confirm the results. Both methods agreed on the estimated 
amount of fractional crystallisation for each complex as well as the amount of 
plagioclase and Ti-Fe oxide. Differences between the two methods only occurred for 
the minerals olivine and augite.  
 
• Trace elements were applied in calculations using the Rayleigh Fractionation Law to 
further investigate the estimates of fractional crystallisation in the Maningoza Suite. 
Trace element modelling agreed for elements such as U, Zr, Sr, Y and Rb for at least 
5 different complexes. Trace elements V, Ni, Cr, Nd and Ba were inconsistent 
explained by a necessary mineral not included into the calculation. The calculation of 
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the four REE agreed for 5 of the complexes with at least two elements being 
consistent in the other 3 complexes. 
 
• The simple magma mixing of the Maningoza Suite was estimated using a primitive 
end-member from the Maningoza Suite and a potential crustal component similar to 
the Archaean basement surrounding the Maningoza Suite. This was done due to a 
lack of radiogenic data on the Archaean basement around the Maningoza Suite and a 
representative of the lower crust was required. Four components were chosen and 
the Maningoza Suite data fitted only two of these simple magma mixing curves. A 
35% mix between the mantle end-member and the Maevatanana gneisses and a 
20% mix between the mantle end-member and the Dharwar TTG was estimated. If 
partial melting was considered and included into the equations then it was possible 
for the Maningoza Suite data to fit on all four of the components’ partial melt mixing 
curves. 
 
• Even though the partial melt mixing curves allowed for better fits of the Maningoza 
Suite data at least two samples did not fit on any of the mixing curves. Its likely that a 
different contaminant than the ones represented here is involved and due to the 
curvature of the Maningoza Suite data its likely that this unknown contaminant has 
undergone partial melting. Data on the surrounding basement rocks (e.g. Bekodoka 
and Ambohipaky inliers) is required to get a better understanding of the situation. 
 
• The Maningoza Suite shows many similarities when compared to other Cretaceous 
igneous complexes located around Madagascar. In terms of mineral chemistry the 
range in feldspars are similar with the Maningoza Suite having more orthoclase 
compositions. Both the Maningoza Suite and Morondava Complex have 
clinopyroxenes that have augitic compositions. The Mailaka and Antampombato-
Ambatovy Complexes have more diverse clinopyroxene compositions that also 
include augite. The Mailaka and Morondava Complexes have a much wider range of 
olivine composition than the Maningoza Suite and the Antampombato-Ambatovy 
Complex has much higher Fo content than the Maningoza Suite olivines. 
 
• The major element data for Androy and Mailaka Complexes compares well with the 
Maningoza Suite data with similar correlations. The Antampombato-Ambatovy 
Complex has data which compares to the Maningoza Suite but at very low silica wt. 
percentages the Antampombato-Ambatovy Complex shows different correlations in 
certain variation diagrams. The trace element data of the Mailaka and 
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Antampombato-Ambatovy Complexes compare well to that of the Maningoza Suite 
but the trace element of the Androy Complex shows two separate groups. 
 
• Radiogenic data suggests that the Maningoza Suite is most similar to the Mailaka 
Complex in Madagascar as both have data that ranges from primitive to 
contaminated and the Maningoza Suite has most of its samples plotting within the 
Mailaka data field. As the Mailaka Complex is the closest complex to the Maningoza 
Suite (roughly 100 to 200km’s distance) it is entirely possible that the primitive and 
contaminant sources are related. 
 
• The Maningoza Suite was also compared to Deccan Trap lavas and to rhyolites of 
Lebombo rifted volcanic margin using radiogenic isotopes data. This was done as the 
three complexes could have a similar primitive end-member as the mantle source 
might have not changed over 120 Ma. The Deccan Trap lavas and the Maningoza 
Suite show similar trends and the data of the Maningoza Suite plots closely with data 
from the Deccan Traps. When compared with the Lebombo rhyolites the Maningoza 
Suite shows contamination with a source higher in εSr and εNd. The Maningoza Suite 
compares well with the Deccan Trap lavas and the primitive source and contaminant 
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Additional Mineral Chemistry Data for the Maningoza Suite 
 
The feldspar, clinopyroxene, olivine and opaque mineral analyses presented in Tables 4.1, 
4.2, 4.3 and 4.4 of Chapter 4 represent subsets of the entire database aquired for these 
minerals in the Maningoza Suite. The complete set of feldspar data is listed in Tables A1.1 to 
A1.6 and the complete set of clinopyroxene data is listed in Table A2.1 to A2.4. The 
complete set of olivine data is presented in Table A3.1 and the complete set of opaque 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Bulk-Rock Chemistry Data for the Maningoza Suite 
 
The complete major and trace element (including REE) dataset for the Maningoza Suite is 
presented in Tables A5.1 to A5.4. The major and REE data for the Ambohitrosy Complex 





















































































































































































































































































































































































Petrographic Descriptions for the Maningoza Suite 
 






0.5 60 Plagioclase An15 = oligoclase, subhedral, lamellar 
twinning 
0.5 20 Opaques  Anhedral, magnetite 
<0.5 10 Chlorite Secondary, anhedral 
<0.5 10 Clinopyroxene Clear in colour, subhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed and exhibit a brown staining due to alteration. The presence of the secondary 
mineral chlorite is an indication that the rock has undergone alteration.  
 
Rock type: Dolerite/basalt 
 
 






<4.0 55 Alkali-feldspar Anhedral, 
<2.0 20 Quartz Euhedral to subhedral 
<1.0 10 Opaques Anhedral, magnetite 
<3.0 10 Plagioclase Anhedral 
<1.0 <5 Calcite Euhedral to subhedral 
<0.5 Tr. Amphibole Green in colour, anhedral 
<0.2 Tr. Zircon Anhedral 
 
Texture: The rock is medium grained and has an inequigranular texture. The plagioclase 
and alkali-feldspar grains are tabular in shape and range in grain size. The rock has a 
granophyric texture with an intergrowth of quartz in alkali-feldspar.  
 
Rock type: Granophyre 
 
 








Subhedral to anhedral 
<2.0 20 Quartz Anhedral 
<2.0 10 Plagioclase Subhedral to anhedral 
0.5-3.0 10 Opaques Anhedral, magnetite 
<0.5 Tr. Amphibole Green to brown, anhedral 
 
Texture:  The rock is medium grained and has an equigranular texture. The plagioclase and 
alkali-feldspar grains are tabular in shape and range in grain size. The rock has a 
granophyric texture with an intergrowth of quartz in alkali-feldspar. 
 











0.5-3.0 50 Clinopyroxene Light brown colour, subhedral, 2V 
angle = 35°, optic sign = +ve, 
composition = augite 
<2.0 40 Plagioclase Subhedral, extinction angle = 15°, An29 
= oligoclase, lamellar twinning 
<0.5 <5 Chlorite Subhedral 
0.1-0.5 5 Opaque Subhedral, magnetite 
 
Texture: The medium grained rock has an equigranular texture. The rock also has bladed 
randomly orientated plagioclase grains that are embedded by blocky clinopyroxene grains 
forming a poikilitic texture. The plagioclase laths penetrate beyond augite crystals forming a 
subophitic texture. 
 
Rock type: Dolerite – microgabbro 
 
 









0.5-2.0 20 Quartz Subhedral 
<3.0 10 Plagioclase Anhedral, cross-hatched twinning 
0.5-1.5 5 Opaques Anhedral, magnetite 
0.5-2.0 <5 Calcite Subhedral to anhedral 
0.1-0.5 Tr. Biotite Anhedral 
<0.5 Tr. Amphibole Brown in colour, anhedral 
 
Texture: The medium grained rock is inequigranular in texture and contains plagioclase and 
alkali-feldspar that are tabular and range in grain size. The rock has a granophyric texture 
with an intergrowth of quartz in alkali-feldspar. 
 
Rock type: Granophyre 
 
 






<3.0 60 Alkali-feldspar Subhedral to anhedral 
<2.0 20 Quartz Subhedral to anhedral 
0.5-1.0 <5 Clinopyroxene Subhedral to anhedral 
1.0-2.0 <5 Amphibole Subhedral 
<3.0 <1 Calcite Subhedral 
0.5-1.5 5 Opaque Anhedral, magnetite 
1.0-2.0 5 Biotite Anhedral 
 
Texture: The rock is medium grained and has an inequigranular texture. The rock contains 
alkali-feldspar with a tabular crystal shape. There is also a granophyric texture present with 
intergrowths of quartz in alkali-feldspar. 
 











0.2-1.0 45 Plagioclase Anhedral, lamellar twinning 
0.1-0.5 35 Clinopyroxene Light brown colour, Subhedral to 
anhedral 
0.2-1.0 10 Opaques Anhedral, hematite, magnetite 
0.5-1.0 5 Chlorite Subhedral 
1.0 5 Orthopyroxene Subhedral to anhedral 
 
Texture: The medium to fine grained rock has an equigranular texture. The plagioclase 
crystals are bladed and have a random orientation. The pyroxene crystals are blocky in 
shape and show no intergrowth. 
 
Rock type: Microgabbro 
 
 






<0.2 15 Opaque Anhedral, magnetite, hematite 
<0.2 <5 Biotite Anhedral 
<0.2 70 Feldspar Anhedral 
<0.2 10 Quartz Anhedral, secondary 
 
Texture: The rock is fine grained and has an equigranular texture with the crystals being 
aphanitic. There is also secondary quartz veining present in he rock.  
 
Rock type: Trachyte 
 
 






0.5-1.5 68 Plagioclase Subhedral, extinction angle 45°, An95 = 
anorthite, lamellar twinning 
<0.5 2 Alkali-feldspar Subhedral to anhedral 
<1.0 25 Clinopyroxene Dark brown colour, Anhedral 
0.2-0.4 5 Opaques Subhedral to anhedral, magnetite, 
hematite 
 
Texture: The rock is medium grained with an inequigranular texture. The plagioclase crystals 
are bladed and are randomly orientated. 
 










<0.2 40 Opaque Anhedral, magnetite, hematite 
<0.2 60 Plagioclase Anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. There is no orientation or 
layering observed. The crystals are aphanitic. 
 
Rock type: Basalt 
 
 






2.0-4.0 60 Plagioclase Euhedral to subhedral, extinction angle 
= 30°, An55 = labrodorite, lamellar 
twinning 
0.5-2.0 30 Clinopyroxene Light brown colour, euhedral to 
subhedral, 2V angle = 45°, optic sign = 
+ve, composition = augite 
0.5-1.0 10 Opaques Euhedral to subhedral, magnetite 
0.5-1.0 <1 Serpentine Anhedral, secondary 
0.3-0.8 <1 Calcite Anhedral, secondary 
 
Texture: The rock is medium grained and has an inequigranular texture. The plagioclase 
crystals are bladed and are randomly orientated. The clinopyroxene crystals are blocky. The 
rock has been subjected to very little or no alteration. 
 
Rock type: Gabbro 
 
 






0.2-1.0 50 Plagioclase Subhedral to anhedral 
0.2-1.0 20 Clinopyroxene Brown in colour, subhedral to anhedral 
<0.2 20 Opaque Subhedral, magnetite, hematite 
0.5 10 Chlorite Subhedral, secondary 
 
Texture: The rock is fine- to medium-grained and has an inequigranular texture. The 
plagioclase crystals are bladed and have a random orientation. The presence of the 
secondary mineral chlorite indicates that the rock has undergone some alteration. 
 










1.0-2.0 30 Alkali-feldspar Subhedral-anhedral 
0.1-1.0 20 Quartz Subhedral-anhedral 
1.0-2.0 30 Plagioclase Subhedral-anhedral 
0.5-1.0 5 Amphibole Subhedral, green in colour 
0.1-0.5 10 Opaque Subhedral, magnetite 
0.1-0.5 Tr. Epidote Subhedral-anhedral, secondary 
0.5-1.0 <5 Chlorite Secondary, subhedral 
0.5 Tr. Calcite Secondary, subhedral 
0.5-1.0 Tr. Clinopyroxene Light brown, anhedral 
 
Texture: The rock has a fine to medium grain size and is inequigranular in texture. The 
plagioclase and alkali-feldspar crystals are tabular and range in grain size. The rock has a 
granophyric texture with an intergrowth of quartz in alkali-feldspar. 
 
Rock type: Granophyre 
 
 






<1.0 30 Quartz Subhedral 
<1.5 30 Alkali-
feldspar  
Subhedral to anhedral 
<1.5 20 Plagioclase Subhedral to anhedral 
0.2-1.0 10 Chlorite Secondary, anhedral 
<0.5 5 Epidote Secondary 
0.1-0.7 15 Opaques Subhedral, magnetite, hematite 
<0.5 Tr. Amphibole Anhedral, green in colour 
 
Texture: The rock is medium grained and has an inequigranular texture. The plagioclase 
and alkali-feldspar crystals are tabular as well as the quartz crystals. The rock has a 
granophyric texture with an intergrowth of quartz in alkali-feldspar. 
 










4.0 30 Olivine Subhedral to anhedral, reaction rim 
1.0-4.0 60 Plagioclase Euhedral to subhedral, extinction angle 
= 20°, An38 = andesine, repeated 
lamellar twinning 
<1.5 7 Clinopyroxene Brown in colour, Anhedral 
0.5 3 Opaques Subhedral, magnetite 
0.5-1.0 <1 Epidote Secondary, subhedral 
<0.5 <1 Serpentine Secondary, anheral 
 
Texture: The rock is medium to coarse grained and has inequigranular texture. The 
plagioclase crystals are bladed and are randomly orientated. The clinopyroxene and olivine 
crystals are blocky in shape. Some of the olivine crystals show a reaction to serpentine on 
their rims. 
 
Rock type: Olivine gabbro 
 
 










1.0-2.0 30 Plagioclase Anhedral 
<0.5 <5 Opques Anhedral, hematite 
<0.5 <5 Epidote Secondary, anhedral 
<1.0 <10 Chlorite Secondary, anhedral 
<0.5 Tr. Amphibole Anhedral, green in colour 
 
Texture: The rock is medium grained and has equigranular texture. The alkali-feldspar and 
plagioclase crystals are tabular in shape. The rock has a granophyric texture with an 
intergrowth of quartz in alkali-feldspar. 
 













<1.0 30 Quartz Subhedral to anhedral 
<1.0 30 Plagioclase Anhedral 
0.1-0.5 10 Opaque Anhedral, hematite 
<0.5 5-10 Chlorite Secondary, anhedral 
<0.5 Tr. Epidote Secondary, anhedral 
<0.5 Tr. Amphibole Anhedral, green in colour 
 
Texture: The rock is medium to fine grained and has an equigranular texture. The 
plagioclase and alkali-feldspar crystals are tabular in shape. The rock has a granophyric 
texture with an intergrowth of quartz in alkali-feldspar. 
 
Rock type: Granophyre 
 
 






2.0-4.0 35 Clinopyroxene Light brown colour, euhedral, 2V angle 
= 45°, optic sign = +ve, composition = 
augite 
2.0-3.0 40 Plagioclase Euhedral, extinction angle = 10°, An27 
= oligoclase, lamellar twinning 
1.0-2.0 10 Olivine Subhedral 
<1.0 <10 Opaques Euhedral, magnetite 
<0.5 <3 Epidote Anhedral, secondary 
<0.5 <2 Serpentine Anhedral secondary 
 
Texture: The rock is medium to coarse grained and has an equigranular texture. The olivine 
and clinopyroxene have a poikilitic texture with the olivine embedded within the 
clinopyroxene. The plagioclase crystals are bladed and have a random orientation. The 
plagioclase laths are embedded with the clinopyroxene forming a ophitic and in some cases 
subophitic texture. Plagioclase and olivine both show signs of alteration to secondary 
minerals epidote and serpentine, respectively. 
 











Phenocryst 40   
>5.0 40 Clinopyroxene Light brown colour, euhedral, 2V 
angle = 45°, optic sign = +ve, 
composition = augite 
Matrix 60   
<3.0 15 Olivine Subhedral 
<2.0 40 Plagioclase Euhedral, extinction angle = -5°, An0 
= albite, repeated lamellar twinning 
0.2-0.5 5 Opaques Euhedral, magnetite 
<0.2 <1 Serpentine Anhedral, secondary 
 
Texture: The rock is medium to coarse grained and has an inequigranular (seriate) texture. 
The smaller plagioclase laths are embedded in the larger clinopyroxene grains giving an 
ophtic and subophitic texture. The plagioclase crystals are bladed and have a random 
orientation. The olivine grains are embedded with the clinopyroxene forming a poikilitic 
texture. The rock classifies as a pyroxene porphyry due to the large amount of phenocrysts 
of pyroxene. 
 
Rock type: Gabbro 
 
 






<2.0 30 Quartz Subhedral to anhedral 
<1.0 10 Opaque Subhedral to anhedral, magnetite 
<4.0 30 Alkali-feldspar Anhedral 
<4.0 30 Plagioclase Anhedral 
<0.2 <1 Amphibole Subhedral, green to brown in colour 
0.2 <1 Calcite Secondary, subhedral 
 
Texture: The rock is medium grained with an inequigranular texture. The alkali-feldspar and 
plagioclase crystals are tabular in shape. The rock has a granophyric texture with an 
intergrowth of quartz in alkali-feldspar. 
 











Phenocrysts 45   
<1.0 30 Alkali-
feldspar 
Subhedral to anhedral 
<1.0 15 Plagioclase Subhedral to anhedral, lamellar 
twinning 
Matrix 55   
<0.5 45 Quartz Anhedral 
0.5 <1 Amphibole Subhedral to anhedral, green in colour 
0.1-0.5 <10 Opaques Anhedral, magnetite, hematite 
<0.5 <1 Epidote Subhedral 
 
Texture: The rock is medium to fine grained and is inequigranular (porphyritic) in texture. 
The alkali-feldspar and plagioclase crystals are both tabular in shape. The rock has a 
granophyric texture with an intergrowth of quartz in alkali-feldspar. 
 
Rock type: Granophyre 
 
 






<4.0 55 Plagioclase Euhedral to subhedral, lamellar 
twinning 
<1.5 30 Clinopyroxene Brown in colour, euhedral to subhedral 
<2.0 10 Opaques Subhedral, magnetite 
0.5 <5 Chlorite Anhedral, secondary 
 
Texture: The rock is medium grained and has an inequigranular texture. The plagioclase 
crystals are bladed and have a random orientation. In some cases the plagioclase and 
clinopyroxene grains are enclosed by one another forming a poikilitic and subophitic texture. 
 
Rock type: Dolerite 
 
 






<1.0 40 Quartz Subhedral to anhedral 
0.5 20 Alkali-feldspar Subhedral to anhedral 
0.5 30 Plagioclase Subhedral to anhedral, lamellar 
twinning 
0.5 5 Amphibole Brown in colour, subhedral 
0.1-0.5 5 Opaque Subhedral, hematite 
 
Texture: The rock is fine to medium grained with an equigranular texture. The plagioclase 
and alkali-feldspar crystals are tabular and show a brown alteration texture. The rock has a 
granophyric texture with an intergrowth of quartz in alkali-feldspar. 
 











Phenocrysts 75   
>5.0 60 Plagioclase Euhedral, extinction angle = 40°, 
An78 = bytownite, repeated lamellar 
twinning, zoning 
Matrix 25   
1.0-3.0 10 Plagioclase Euhedral, extinction angle = 40°, 
An78 = bytownite 
3.0 10 Clinopyroxene Light brown to clear in colour, 
euhedral, 2V angle = 45°, optic sign 
= +ve, composition = augite 
3.0-4.0 <5 Amphibole Subhedral 
0.5 <5 Opaques Subhedral, magnetite 
0.5 <5 Chlorite Secondary, anhedral 
 
Texture: The rock is coarse grained and is inequigranular (porphyritic) in texture. The 
plagioclase crystals are bladed and are tabular in shape. There is also a small amount of 
subophitic texture where smaller plagioclase crystals are embedded in clinopyroxene 
crystals. The rock is plagioclase porphyry due the large composition of porphyritic 
plagioclase crystals. 
 
Rock type: Gabbro 
 
 






Phenocrysts <5   
1.0-3.0 <5 Alkali-feldspar Subhedral 
Matrix 95   
<0.3 30 Plagioclase Anhedral 
<0.3 35 Alkali-feldspar Anhedral 
<0.5 30 Quartz Anhedral 
0.2 Tr. Carbonate Anhedral 
<0.3 Tr. Amphibole Anhedral, brown in colour 
 
Texture: The rock is fine grained and has an equigranular texture but has a small amount of 
alkali-feldspar phenocrysts. The plagioclase and alkali-feldspar crystals are tabular in shape 
and show an alteration texture. 
 











0.5-3.0 50 Plagioclase Euhedral, extinction angle = 5°, An24 = 
oligoclase, lamellar twinning 
1.0 35 Clinopyroxene Euhedral to subhedral, brown in colour, 
2V angle = 50°, optic sign = +ve, 
composition = augite 
0.5 10 Opaques Subhedral, magnetite 
0.5 5 Chlorite Anhedral, secondary 
 
Texture: The rock is medium grained and has an inequigranular texture. The plagioclase 
crystals are bladed in shape and penetrate the blocky clinopyroxene crystals forming a 
subophitic texture. The presence of the secondary mineral chlorite indicates that alteration 
has occurred in the rock. 
 
Rock type: Microgabbro 
 
 






1.0-3.0 50 Plagioclase Euhedral to subhedral, extinction angle 
= 0°, An18 = oligoclase, lamellar 
twinning 
0.5-1.5 35 Clinopyroxene Brown and green in colour, subhedral 
1.0 <10 Opaques Euhedral, magnetite 
0.5 <10 Chlorite Secondary, anhedral 
<0.5 Tr. Quartz Subhedral 
<0.5 Tr. Amphibole Subhedral, green in colour 
 
Texture: The rock is medium grained and has an inequigranular texture. The plagioclase 
crystals are bladed in shape with a random orientation and the clinopyroxene crystals are 
blocky in shape. The presence of the secondary mineral chlorite is an indication of alteration. 
 
Rock type: Microgabbro 
 
 






<1.0 50 Plagioclase Euhedral to subhedral, extinction angle 
= 10°, An18 = oligoclase, lamellar 
twinning 
<0.5 35 Clinopyroxene Brown in colour, subhedral 
<0.5 10 Opaques Euhedral to subhedral, magnetite 
<0.5 5 Chlorite Secondary, subhedral 
 
Texture: The rock is fine- to medium-grained with an equigranular texture. The plagioclase 
crystals are bladed in shape with random orientation and the clinopyroxene crystals are 
blocky in shape. The presence of chlorite is an indication of alteration 
 










0.5-2.0 50 Plagioclase Subhedral to anhedral, lamellar 
twinning 
0.1-0.4 10 Opaques Subhedral, magnetite 
0.2-0.5 <10 Clinopyroxene Brown colour, anhedral 
0.5 20 Alkali-feldspar Subhedral to anhedral 
0.4-0.7 10 Quartz Anhedral 
0.2 Tr. Amphibole Anhedral, brown in colour 
 
Texture: The rock is fine to medium grained and has an inequigranular texture. The 
Plagioclase crystals are bladed and tabular in shape. The alkali-feldspar crystals are tabular 
in shape. Both plagioclase and alkali-feldspar show a brown alteration texture. In some 
cases the larger plagioclase grains enclose the smaller clinopyroxene grains forming a 
poikilitic texture. 
 
Rock type: Feldspar trachyte 
 
 






0.5-2.5 50 Plagioclase Subhedral 
0.3-1.0 20 Quartz  
0.4-0.7 10 Opaques Subhedral to anhedral, magnetite 
0.2 <10 Epidote Secondary, anhedral 
0.3-0.7 5 Calcite Secondary, subhedral 
0.4-1.0 5 Chlorite Secondary, anhedral 
 
Texture: The rock is fine grained and has an inequigranular texture. The plagioclase and 
alkali-feldspar show a brown alteration texture. The larger plagioclase grains have 
undergone alteration to calcite and epidote. The 20 percent modal proportions of secondary 
minerals indicate a large amount of alteration. 
 
Rock type: Feldspar dacite 
 
 






0.2 40 Plagioclase Subhedral, lamellar twinning 
0.1-0.3 30 Clinopyroxene Brown colour, anhedral 
0.2-0.4 20 Opaques Subhedral, magnetite 
0.2-0.5 10 Chlorite Secondary, anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase and 
clinopyroxene grains do not enclose each other and forms no poikilitic texture. The 
plagioclase grains also show a brown alteration texture. The plagioclase crystals are bladed 
in shape and the clinopyroxene crystals have a blocky shape. The presence of chlorite is an 
indication of alteration. 
 











<0.1-1.0 40 Plagioclase Subhedral to anhedral 
0.1-0.5 35 Quartz  Anhedral 
0.2-0.6 <10 Opaques Subhedral, magnetite 
0.4-1.2 10 Chlorite Secondary, subhedral 
0.2-0.4 <5 Calcite Secondary, subhedral 
 
Texture: The rock is fine grained and an inequigranular texture. The larger plagioclase 
grains have undergone some alteration to calcite and chlorite. The plagioclase and quartz 
crystals are tabular in shape. The plagioclase grains also show a brown alteration type 
texture. The presence of secondary minerals is an indication of alteration. 
 
Rock type: Feldspar dacite 
 
 






0.5-2.5 50 Plagioclase Subhedral to anhedral 
0.2-0.4 35 Opaques Subhedral to anhedral, magnetite 
0.3-0.7 5 Clinopyroxene Light brown colour, subhedral 
0.4 5 Chlorite Secondary, subhedral to anhedral 
0.2-0.4 <5 Quartz Anhedral 
 
Texture: The rock is fine grained and has an inequigranular texture. The larger plagioclase 
grains have undergone some alteration to chlorite and in some cases enclose the smaller 
clinopyroxene grains. The plagioclase crystals are tabular in shape and show a brown 
alteration texture. The presence of secondary minerals is an indication of alteration. 
 
 
Rock type: Trachy-andesite 
 
 






<2.5 35 Plagioclase Subhedral 
0.1-0.3 15 Clinopyroxene Brown in colour, anhedral 
0.2-0.5 15 Opaques Subhedral, magnetite 
0.4 15 Epidote Secondary, anhedral 
<1.4 <10 Chlorite Secondary, anhedral 
<1.0 10 Quartz Anhedral 
<0.2 Tr. Amphibole Hornblende 
 
Texture: The rock is fine grained and has an inequigranular texture. The plagioclase crystals 
are bladed in shape and have a brown alteration texture. The substantial amounts of 
secondary minerals suggest the rock has undergone alteration. 
 











<1.5 45 Plagioclase Subhedral to anhedral, lamellar 
twinning 
0.2-0.3 35 Clinopyroxene Light brown in colour, anhedral 
0.3-0.5 10 Opaques Subhedral, magnetite, hematite 
0.2-0.4 5 Chlorite Secondary, subhedral to anhedral 
0.2-0.4 5 Epidote Secondary, subhedral to anhedral 
 
Texture: The rock is fine grained and has an inequigranular texture. The plagioclase grains 
are mostly bladed in shape and the pyroxene grains have a blocky shape. The 10 percent 
modal proportions of secondary mineral suggest the rock has undergone alteration. 
 
Rock type: Basalt 
 
 






<0.5-1.0 45 Plagioclase Euhedral-subhedral 
0.2-0.4 35 Clinopyroxene Light brown colour, anhedral 
0.2-0.5 10 Opaques Subhedral, magnetite 
0.2-0.8 5 Chlorite Secondary, subhedral to anhedral 
0.5 5 Epidote Secondary, subhedral to anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase crystals 
have a bladed shape and are randomly orientated. The clinopyroxene crystals have a blocky 
shape and in a very small amount the larger plagioclase grains enclose the smaller pyroxene 
grains forming a poikilitic texture. The presence of secondary mineral indicates the rock has 
undergone alteration. In some cases the secondary minerals occur as round filled in vesicles. 
 
Rock type: Basalt 
 
 






Phenocryst 70   
0.5-2.0 70 Feldspar Subhedral 
Matrix 30   
0.3-0.7 20 Quartz Anhedral 
0.2-1.0 5 Opaques Subhedral, magnetite, hematite 
0.4-0.6 5 Epidote Secondary, subhedral to anhedral 
 
Texture: The rock is fine grained with an inequigranular (porphyritic) texture. The feldspars 
exhibit a brown alteration type texture. The presence of the secondary epidote is an 
indication of alteration. 
 











1.0-2.5 45 Plagioclase Euhedral-subhedral, extinction angle = 
5°, An12 = oligoclase, lamellar twinning 
<0.5 35 Clinopyroxene Light brown colour, subhedral, 2V 
angle = 60°, sign = +ve, composition = 
augite/diopside 
0.4-0.8 20 Opaques Subhedral, magnetite, hematite 
<0.5 <1 Epidote Secondary, yellow-green pleochroism 
 
Texture: The rock is fine to medium grained with an inequigranular texture. The plagioclase 
crystals are bladed in shape and are randomly orientated. The clinopyroxene grains are 
blocky in shape. There is a small amount of plagioclase laths penetrating clinopyroxene 
grains to form a subophitic texture.  
 
Rock type: Dolerite 
 
 






0.5-1.2 60 Plagioclase Euhedral to subhedral, extinction angle 
= 15°, An22 = oligoclase, lamellar 
twinning 
0.2-0.4 20 Opaques  Subhedral to anhedral, magnetite 
0.3-0.7 15 Clinopyroxene Light brown colour, subhedral, 2V 
angle = 35°, sign = +ve, composition = 
augite 
0.4-0.6 <5 Chlorite Secondary, anhedral 
 
Texture: The rock is fine to medium grained and has an inequigranular texture. The 
plagioclase grains are bladed in shape and have a random orientation. The pyroxene grains 
have a blocky shape. The plagioclase laths and clinopyroxene grains do not enclose one 
another and form no poikilitic texture. The plagioclase laths also seem to create a spherulite 
texture. The presence of the secondary mineral chlorite is an indication of alteration. 
 











<2.5 60 Plagioclase Subhedral to anhedral, lamellar 
twinning 
0.3-0.6 20 Clinopyroxene Anhedral, light brown colour 
0.3-0.5 10 Epidote Subhedral to anhedral 
0.2-0.4 5 Opaque Anhedral, magnetite, hematite 
0.3-0.7 <5 Chlorite Subhedral to anhedral 
0.2 Tr. Amphibole Anhedral, light green in colour 
 
Texture: The rock is fine grained and has an inequigranular texture. The plagioclase crystals 
are bladed in shape and have a random orientation. The clinopyroxene grains are blocky in 
shape. The plagioclase and clinopyroxene do not enclose one another and form no poikilitic 
texture. The presence of secondary minerals indicates that the rock has undergone 
alteration. 
 
Rock type: Andesite 
 
 






<0.3 40 Plagioclase Anhedral 
<0.2 30 Clinopyroxene Light brown colour, anhedral 
0.2-0.4 15 Opaques Subhedral to anhedral, magnetite 
0.4-0.6 5 Chlorite Secondary, anhedral 
0.3-0.6 10 Epidote Secondary, subhedral 
 
Texture: The rock is fine grained and has an inequigranular texture. The plagioclase crystals 
have a bladed shape and have a random orientation. The clinopyroxene grains are blocky in 
shape. The plagioclase and clinopyroxene show no poikilitic texture. The presence of 
secondary minerals indicates that the rock has undergone alteration. The chlorite grains 
sometimes occur as filled in spherical vesicles forming an amygdaloidal texture. 
 
Rock type: Basalt 
 
 






0.5-1.3 60 Plagioclase Subhedral, lamellar twinning 
<0.5 20 Opaques  Subhedral, magnetite 
0.3-0.8 20 Clinopyroxene Brown in colour, subhedral 
0.4 <1 Chlorite Secondary, anhedral 
 
Texture: The rock is fine grained and an equigranular texture. The plagioclase crystals are 
bladed in shape and have a random orientation. The clinopyroxene crystals have a blocky 
shape. 
 











Phenocryst 20   
>5 20 Plagioclase Euhedral to subhedral, extinction 
angle = 40°, An78 = bytownite, 
lamellar twinning 
Matrix 80   
0.5-1.0 20 Plagioclase Euhedral to subhedral, extinction 
angle = 40°, An78 = bytownite, 
lamellar twinning 
0.6-1.4 40 Clinopyroxene Green to brown in colour, euhedral to 
subhedral, 2V angle = 30° sign = +ve, 
composition = augite 
0.4-0.6 7 Opaques Subhedral, magnetite 
0.8 6 Epidote Secondary, subhedral 
1.2 7 Chlorite Secondary, anhedral 
 
Texture: The rock is fine to medium grained and has an inequigranular (seriate) texture. The 
plagioclase occurs as large phenocrysts and as smaller bladed crystals with random 
orientation. The clinopyroxene grains are blocky in shape. The phenocrysts of plagioclase 
enclose the smaller clinopyroxene grains forming a ophitic texture. The presence of the 
secondary minerals is an indication of alteration. 
 
Rock type: Feldspar basalt 
 
 






Phenocryst 45   
>3.0 45 Clinopyroxene Green to brown in colour, euhedral, 
2V angle = 45°, sign = +ve, 
composition = augite 
Matrix 55   
1.0-1.5 35 Plagioclase Euhedral to subhedral, extinction 
angle = 0°, An12 = oligoclase, lamellar 
twinning 
0.5-2.0 15 Chlorite Secondary, subhedral 
1.0 5 Opaques Euhedral to subhedral, magnetite 
 
Texture: The rock is medium grained and has an inequigranular (seriate) texture. The 
clinopyroxene grains occur as phenocrysts and enclose the smaller plagioclase grains 
forming an ophitic and subophitic texture. The plagioclase grains are bladed in shape and 
have a random orientation. The clinopyroxene grains are blocky in shape. The substantial 
presence of chlorite indicates that the rock has undergone alteration. 
 











<0.5 40 Plagioclase Anhedral 
0.3-0.6 20 Opaques Subhedral, magnetite, hematite 
0.4-0.6 <20 Quartz Anhedral 
0.5-0.6 8 Amphibole Clear in colour, anhedral 
0.5 <6 Epidote Secondary, subhedral 
0.5 <6 Chlorite Secondary, anhedral 
0.4 <1 Calcite Secondary, subhedral 
 
Texture: The rock is fine grained with an inequigranular texture. The plagioclase shows a 
brown alteration type texture. The presence of secondary minerals is an indication of 
alteration. 
 
Rock type: Dacite 
 
 






Phenocryst 55   
>5.0 55 Plagioclase Euhedral, repeated lamellar twinning 
Matrix 45   
0.4-1.2 15 Plagioclase Euhedral, lamellar twinning 
1.0-2.0 15 Clinopyroxene Euhedral, brown in colour 
0.4-0.7 10 Opaques Subhedral, magnetite 
0.5-0.8 5 Chlorite Secondary, anhedral 
 
Texture: The rock is medium grained and has an inequigranular (seriate) texture showing 
plagioclase porphyry. The phenocrysts of plagioclase enclose smaller clinopyroxene grains 
showing a poikilitic texture and clinopyroxenes in the matrix enclose smaller plagioclase 
grains showing an ophitic and subophitic texture. The plagioclase crystals are bladed and 
tabular and the clinopyroxene crystals are blocky in shape. The presence of the secondary 
mineral chlorite is an indication of alteration. 
 










Phenocrysts 20   
0.5-1.2 8 Plagioclase Euhedral 
0.3-0.6 7 Opaques Subhedral to anhedral, hematite 
0.2-0.5 5 Amphibole Euhedral, light brown to green in 
colour 
0.5 <1 Chlorite Subhedral, secondary 
Matrix 80   
<0.4 30 Plagioclase Anhedral 
<0.4 30 Quartz Anhedral 
<0.4 20 Alkali-feldspar Anhedral 
 
Texture: The rock is fine grained with an inequigranular (porphyritic) texture. The 
phenocrysts of plagioclase enclose the phenocrysts of clinopyroxene giving a poikilitic type 
texture. The plagioclase and alkali-feldspar in the matrix show a brown alteration type of 
texture. The presence of the secondary mineral chlorite is an indication of alteration. 
 
Rock type: Rhyolite 
 
 






Phenocryst 5   
0.5-1.0 <2 Alkali-feldspar Subhedral 
0.5-1.0 Tr. Amphibole Subhedral-anhedral, brown to green 
in colour 
0.2-0.5 <3 Opaques Anhedral, hematite 
0.5 Tr. Chlorite Anhedral, secondary 
Matrix 95   
<0.1 35 Alkali-feldspar Anhedral 
<0.1 30 Plagioclase Anhedral 
<0.2 30 Quartz Subhedral to anhedral 
 
Texture: The rock is fine grained and has an inequigranular (porphyritic) texture. The 
plagioclase and alkali-feldspar both have a brown alteration type texture and the phenocrysts 
grains are tabular in shape. 
 










0.2-0.7 40 Plagioclase Euhedral to subhedral, lamellar 
twinning 
<1.3 30 Clinopyroxene Brown in colour, euhedral to subhedral 
<0.3 20 Opaques Subhedral, magnetite, hematite 
0.2-0.4 10 Chlorite Secondary, euhedral to subhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed in shape and have a random orientation. The plagioclase grains and are 
embedded within the blocky clinopyroxene grains to form an ophtitc and subophitic texture. 
The presence of the secondary mineral chlorite is an indication of alteration. 
 
Rock type: Basalt 
 
 






<0.5 40 Plagioclase Subhedral, lamellar twinning 
<0.3 30 Clinopyroxene Subhedral to anhedral, brown in colour 
0.5 20 Opaques Subhedral, magnetite 
0.2-0.5 10 Chlorite Anhedral 
0.2-0.6 1 Quartz Veins, anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed in shape and have a random orientation. The clinopyroxene grains are blocky in 
shape and do not enclose the plagioclase laths (nor do the plagioclase grains enclose the 
clinopyroxene grains) forming no poikilitic texture. There is a small amount quartz veining 
present in the rock. The presence of secondary chlorite is an indication of alteration. 
 
Rock type: Basalt 
 
 






0.5-2.0 50 Plagioclase Subhedral, extinction angle = 30°, An43 
= andesine, lamellar twinning 
0.5-1.0 40 Clinopyroxene Subhedral to anhedral, light brown 
colour, 2V angle = 0°, sign = +ve, 
composition = pigeonite 
0.3-0.7 4 Opaques Subhedral, magnetite 
0.5 3 Chlorite Subhedral, secondary 
0.4-0.6 3 Olivine Subhedral to anhedral 
 
Texture: The rock is fine to medium grained and has an equigranular texture. The 
plagioclase grains are bladed in shape and are randomly orientated. The clinopyroxene 
grains are blocky in shape and do not enclose the plagioclase laths (nor do the plagioclase 
laths enclose the clinopyroxene grains) forming no poikilitic texture. The presence of the 
secondary mineral chlorite is an indication of alteration. 
 










<0.1-1.0 30 Alkali-feldspar Subhedral to anhedral 
<0.1-0.5 25 Quartz Anhedral 
<0.1-1.0 20 Plagioclase Anhedral 
<1.0 10 Clinopyroxene Light brown in colour, anhedral 
0.5-1.0 5 Chlorite Anhedral 
0.4-0.7 10 Opaque Subhedral to anhedral, magnetite 
0.2-0.3 Tr. Amphibole Anhedral, green to brown in colour 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase and 
alkali-feldspar grains are tabular in shape and show a brown alteration type texture. The 
clinopyroxene grains are blocky in shape do not enclose any plagioclase grains (nor do the 
plagioclase grains enclose the clinopyroxene grains) showing no poikilitic texture. The 
presence on secondary mineral chlorite is an indication of alteration. 
 
Rock type: Trachyte 
 
 






0.5-1.5 50 Plagioclase Subhedral, lamellar twinning 
0.5-1.0 20 Clinopyroxene Light brown in colour, Subhedral to 
anhedral 
0.3-0.9 20 Opaques Subhedral, magnetite 
0.2-0.5 5 Chlorite Subhedral to anhedral 
0.2-0.4 5 Amphibole Subhedral, light brown to green in 
colour 
 
Texture: The rock is fine to medium grained and has an equigranular texture. The 
plagioclase grains are bladed in shape and have a random orientation. The plagioclase 
grains show a brown alteration texture and in some cases are enclosed by the blocky 
clinopyroxene grains forming a subophitic texture. The presence of chlorite is an indication of 
alteration. 
 













Euhedral to subhedral 
0.5-1.0 50 Plagioclase Euhedral to subhedral 
0.2-0.5 20 Quartz Subhedral 
0.5 5 Chlorite Subhedral to anhedral 
0.2 <1 Epidote Anhedral 
0.5 10 Opaques Subhedral, magnetite 
0.2-0.4 Tr. Amphibole Anhedral, green in colour 
 
Texture: The rock is fine grained and has an equigranular texture. The rock has a quenched 
texture observed by the plagioclase and alkali-feldspar grains. The plagioclase grains are 
prismatic and the alkali-feldspar grains are tabular in shape and both show a brown alteration 
type texture. The presence of secondary minerals is an indication of alteration. 
 
Rock type: Rhyolite 
 
 






0.5-0.8 50 Plagioclase Euhedral, extinction angle = -5°, An14 = 
oligoclase, lamellar twinning 
0.6-1.0 40 Clinopyroxene Light brown in colour, Euhedral to 
subhedral, 2V angle = 60°, sign = +ve, 
composition = augite/diopside 
0.4-0.8 5 Opaques Subhedral, magnetite 
0.2-1.0 5 Olivine Subhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains are 
bladed in shape and have a random orientation. The clinopyroxene grains are blocky in 
shape and enclose some of the plagioclase grains forming a subophitic and ophitic texture. 
There is little or no evidence of alteration in this rock. 
 











0.4-0.8 60 Plagioclase Subhedral to anhedral, lamellar 
twinning 
0.2-0.5 30 Opaques Anhedral, magnetite, hematite 
0.2-0.6 10 Clinopyroxene Brown in colour, subhedral to anhedral 
0.2-0.4 <1 Chlorite Subhedral to anhedral, secondary 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed in shape and have a random orientation. The plagioclase grains also show a 
brown alteration type texture. The clinopyroxene grains are blocky in shape and do not 
enclose the plagioclase laths (nor do the plagioclase laths enclose the clinopyroxene grains) 
forming no poikilitic texture. The rock is an agglomerate of two different rock types of roughly 
the same composition and similar textures. 
 
Rock type: Basalt breccia 
 
 






0.5 30 Quartz Anhedral 




0.4-0.7 5 Opaques Subhedral to anhedral, magnetite 
0.3 5 Chlorite Secondary, anhedral 
0.7 5 Epidote Secondary, anhedral 
0.3 Tr. Biotite Anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The rock also has a 
quenched texture observed by the plagioclase grains. The plagioclase grains are bladed and 
prismatic in shape and have an orientation relating to the quenched texture. The plagioclase 
grains and the tabular alkali-feldspar grains both have a brown alteration type texture. The 
presence of secondary minerals is an indication of alteration. 
 











Phenocrysts 40   
2.0-5.0 40 Clinopyroxene Light brown in colour, subhedral 
Matrix 60   
0.5-1.0 50 Plagioclase Subhedral to anhedral, lamellar 
twinning 
0.4-0.8 10 Opaques Subhedral, magnetite 
0.3-0.6 <1 Chlorite Subhedral to anhedral, secondary 
 
Texture: The rock is medium grained and has an inequigranular (porphyritic) texture. The 
plagioclase grains are bladed and have a random orientation. The blocky clinopyroxene 
grains enclose the plagioclase grains showing an ophitic and subophitic texture. The 
plagioclase grains also exhibit some brown alteration staining. 
 
Rock type: Dolerite 
 
 






0.4-0.8 30 Plagioclase Anhedral 
0.2-0.8 20 Quartz  Subhedral to anhedral 
0.2-0.4 10 Opaques Subhedral, magnetite, hematite 




0.1-0.3 <2 Chlorite Secondary, anhedral 
0.1-0.3 3 Epidote Secondary, anhedral 
 
Texture: The rock is fine grained and is equigranular. The plagioclase and alkali-feldspar 
grains both have an alteration type texture. The clinopyroxene and plagioclase grains are 
small and neither encloses the other forming no poikilitic texture. The presence of secondary 
minerals is an indication of alteration. 
 
Rock type: Rhyolite 
 
 






0.3-0.5 55 Plagioclase Subhedral to anhedral 
0.1-0.3 35 Clinopyroxene Brown in colour, anhedral 
0.3-08 10 Opaques Subhedral, magnetite 
0.3-0.5 <1 Chlorite Secondary, anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed in shape and have a random orientation. The blocky clinopyroxene grains and 
plagioclase grains are small and neither encloses the other forming no poikilitic texture. 
 











<0.2 35 Plagioclase Anhedral 




0.3-0.7 5 Opaques Subhedral, magnetite 
0.3-0.6 <5 Chlorite Secondary, subhedral 
0.2-0.4 Tr. Amphibole Light brown in colour, Anhedral 
 
Texture: The rock is fine grained and has equigranular texture. The alkali-feldspar and 
plagioclase both have a brown alteration type texture. The presence of the secondary 
mineral chlorite is an indication of alteration. 
 
Rock type: Rhyolite 
 
 










<0.4 30 Quartz Anhedral 
0.3-0.8 10 Opaques Subhedral, magnetite 
0.3-0.5 Tr. Amphibole Light brown in colour, anhedral 
0.5 Tr. Biotite Brown pleochroic, Subhedral to anhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The rock has a Lapilli 
texture with diameters ranging from 2mm to 20mm. The plagioclase and alkali-feldspar both 
have a brown alteration type texture.  
 
Rock type: Rhyolite 
 
 






Phenocryst 30   
<3.0 30 Clinopyroxene Light brown in colour, Subhedral 
Matrix 70   
<0.6 30 Plagioclase Subhedral 
0.4-0.7 20 Opaques Subhedral, magnetite, hematite 
0.4-0.8 20 Chlorite Secondary, anhedral 
 
Texture: The rock is medium grained and has an inequigranular (porphyritic) texture. The 
plagioclase grains are bladed in shape and have a random orientation. The blocky shaped 
clinopyroxene grains enclose the plagioclase grains forming a subophitic and ophitic texture. 
The large amount of secondary chlorite indicates a high level of alteration. 
 











<0.5 35 Plagioclase Anhedral 




0.2-0.6 <1 Amphibole Light brown colour, Anhedral 
0.3-0.5 <1 Chlorite Anhedral, secondary 
0.3-0.8 <5 Opaques Subhedral, magnetite 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase and 
alkali-feldspar both have a brown alteration type texture. The clinopyroxene grains and 
feldspar grains do not enclose each other and form no poikilitic texture. 
 
Rock type: Rhyolite 
 
 






Phenocrysts 10   
<1.0 7 Epidote Secondary, subhedral 
<1.5 3 Chlorite Secondary, subhedral to anhedral 
Matrix 90   
<0.2 40 Chlorite Secondary, subhedral 
<0.2 30 Epidote Secondary, subhedral 
<0.2 15 Opaques Subhedral to anhedral, magnetite 
<0.2 5 Plagioclase Subhedral to anhedral 
 
Texture: The rock is fine grained with an overall inequigranular (porphyritic) texture. The 
minerals in the matrix are equigranular in texture. The secondary minerals make up most of 
the rock showing that the rock has undergone a large amount of alteration.  
 











Phenocrysts 10   
>5.0 10 Clinopyroxene Brown in colour, euhedral, 2V angle 
= 30°, optic sign = +ve, composition 
= augite 
Matrix 90   
1.0-3.0 70 Plagioclase Euhedral, extinction angle = 40°, 
An78 = bytownite, repeated lamellar 
twinning 
1.0-2.0 5 Clinopyroxene Brown in colour, euhedral, 2V angle 
= 30°, optic sign = +ve, composition 
= augite 
1.0-1.5 10 Opaques Euhedral, magnetite 
<1.0 5 Chlorite Secondary, subhedral 
 
Texture: The rock is coarse grained with an inequigranular (porphyritic) texture. The 
plagioclase grains are bladed in shape and have a random orientation. Zoning also occurs in 
certain plagioclase grains. The clinopyroxene grains are blocky in shape and enclose the 
plagioclase grains forming an ophitic and subophitic texture. The presence of the secondary 
mineral chlorite is an indication of alteration. 
 
 
Rock type: Feldspar gabbro 
 
 






Phenocrysts 30   
>4.0 30 Clinopyroxene Brown in colour, subhedral, 2V 
angle = 30°, optic sign = +ve, 
composition = augite 
Matrix 70   
1.0-1.5 30 Plagioclase Euhedral to subhedral, extinction 
angle = 40°, An78 = bytownite, 
lamellar twinning 
1.0-1.5 25 Clinopyroxene Brown in colour, subhedral, 2V 
angle = 30°, optic sign = +ve, 
composition = augite 
0.5-1.3 10 Opaques Euhedral to subhedral, magnetite 
0.5-1.0 5 Chlorite Secondary, anhedral 
0.5 Tr. Biotite Brown pleochroic, anhedral 
 
Texture: The rock is coarse grained and has an inequigranular (porphyritic) texture with 
phenocrysts of clinopyroxene. The plagioclase grains and clinopyroxene grains do not 
enclose one another forming no poikilitic texture. The plagioclase grains are bladed and have 
a random orientation. The presence of chlorite indicates that the rock has undergone 
alteration. 
 













Euhedral to subhedral, reaction rims 
1.0-2.0 15 Opaques Euhedral to subhedral, magnetite 
1.0-3.0 5 Plagioclase Euhedral to subhedral 
 
Texture:  The rock is coarse grained and is equigranular in texture. The alkali-feldspar grains 
are tabular in shape and show a small amount of brown alteration. 
 
Rock type: Syenite 
 
 






<0.2 40 Plagioclase Subhedral, lamellar twinning 
<0.2 30 Clinopyroxene Brown in colour, subhedral 
<0.2 10 Opaques Subhedral, magnetite 
<0.2 20 Chlorite Secondary, subhedral 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed in shape and have a random orientation. There is no poikilitic texture with the 
blocky shaped clinopyroxene. The presence of the secondary mineral chlorite indicates that 
the rock has undergone alteration. 
 
Rock type: Basalt 
 
 






Phenocrysts 10   
1.0-1.5 10 Opaques Euhedral, magnetite 
Matrix 90   
<0.2 40 Plagioclase Subhedral 





Texture: The rock is fine grained and has an inequigranular (porphyritic) texture. The 
plagioclase grains are prismatic in shape and show a quenched type of texture. The alkali-
feldspar grains are tabular and both feldspars show a brown alteration type texture.  
 











1.0-3.0 40 Plagioclase Subhedral, perthite texture 
1.0-2.5 30 Quartz Subhedral 
1.0-3.0 20 Alkali-
feldspar 
Subhedral, perthite texture 
0.5-2.0 6 Amphibole Euhedral, green pleochroic 
0.5-2.0 4 Chlorite Euhedral, secondary 
 
Texture: The rock is coarse grained with an equigranular texture. The plagioclase grains and 
alkali-feldspar grains are tabular in shape. The presence of the secondary mineral chlorite is 
an indication that the rock has undergone alteration. 
 
Rock type: Granite 
 
 






1.5-2.5 25 Plagioclase Subhedral to anhedral, reaction rims 
1.0-2.0 30 Quartz Subhedral 
1.5-2.5 30 Alkali-
feldspar 
Subhedral to anhedral, reaction rims 
0.3-0.8 7 Opaques Anhedral 
0.4-0.8 5 Amphibole Subhedral, green to yellow in colour 
0.4-0.9 3 Chlorite Anhedral, secondary 
 
Texture: The rock is coarse grained with an equigranular texture. The plagioclase and alkali-
feldspar grains are tabular in shape. The presence of the secondary mineral chlorite 
indicates that the rock has undergone alteration. 
 
Rock type: Granite 
 
 








Euhedral to subhedral 
0.5-2.0 30 Quartz Euhedral to subhedral 
1.0-4.0 20 Plagioclase Euhedral to subhedral 
0.5-2.0 10 Amphibole Subhedral, green pleochroic 
<0.5 <5 Opaques Anhedral 
0.5-2.0 5 Chlorite Secondary, subhedral 
 
Texture: The rock is coarse grained and has an equigranular texture. The plagioclase and 
alkali-feldspar grains both a tabular shape. The presence of the secondary mineral chlorite 
indicates that the rock has undergone alteration. 
 











Phenocrysts 15   
08-1.2 8 Plagioclase Subhedral to anhedral, extinction 
angle = 15°, An31 = andesine, 
zoning, lamellar twinning 
07-1.0 5 Clinopyroxene Light brown colour, subhedral to 
anhedral 
0.8-1.1 2 Olivine Subhedral to anhedral 
0.5-0.7 Tr. Chlorite Anhedral, secondary 
Matrix 85   
<0.2 35 Plagioclase Anhedral, extinction angle = 15°, 
An31 = andesine 
<0.2 35 Clinopyroxene Light brown colour, anhedral 
<0.2 10 Opaques Subhedral, magnetite 
 
Texture: The rock is fine grained and has an inequigranular (porphyritic) texture. The 
plagioclase grains are bladed in shape and have a random orientation. The plagioclase and 
the blocky shaped clinopyroxene grains do not enclose one another forming no poikilitic 
texture.  
 
Rock type: Olivine basalt 
 
 






Phenocrysts 40   
>3.0 15 Plagioclase Subhedral to anhedral, reaction rims, 
perthite texture, cross-hatch twinning 
>3.0 15 Alkali-
feldspar 
Subhedral to anhedral, reaction rims, 
perthite texture,  
1.0-2.0 10 Quartz Anhedral 
Matrix 60   




<0.2 10 Quartz Subhedral 
<0.3 10 Opaques Subhedral, magnetite, hematite 
<0.5 5 Chlorite Secondary, anhedral 
 
Texture: The rock is fine grained and has an inequigranular (porphyry) texture. The 
plagioclase and alkali-feldspar grains are tabular in shape and show an alteration texture. 
The presence of the secondary mineral chlorite is an indication of alteration. 
 










0.9-1.5 40 Plagioclase Euhedral to subhedral, extinction angle 
= 0°, An21 = oligoclase, lamellar 
twinning 
0.4-1.0 30 Clinopyroxene Brownish red in colour, subhedral, 2V 
angle = 0°, sign = +ve, composition = 
pigeonite 
0.5-0.7 13 Chlorite Secondary , anhedral 
0.3-0.6 10 Opaques Euhedral to subhedral, magnetite 
0.2-0.8 7 Olivine Subhedral 
 
Texture: The rock is fine to medium grained and has an equigranular texture. The 
plagioclase grains are bladed in shape and have a random orientation. The plagioclase 
grains enclose some of the blocky shaped clinopyroxene grains forming a poikilitic texture. 
The large amount of the secondary mineral chlorite indicates alteration has taken place. 
 
Rock type: Olivine basalt 
 
 






Phenocryst 6   
1.0-1.5 5 Plagioclase Subhedral, lamellar twinning 
0.8-1.2 1 Calcite Anhedral, secondary 
Matrix 94   
<0.2 50 Plagioclase Subhedral to anhedral 
<0.2 29 Calcite Secondary, anhedral 
<0.2 15 Opaques Subhedral, magnetite 
 
Texture: The rock is fine grained and has an inequigranular (porphyritic) texture. The 
plagioclase grains are bladed in shape and have a random orientation. The large amount of 
the secondary mineral calcite indicates a high level of alteration. 
 
Rock type: Basalt 
 
 






Phenocrysts 15   




0.5-3.5 5 Plagioclase Anhedral, lamellar twinning 
Matrix 85   
n/a 85 Glass/obsid
ian 
Yellowy brown in colour 
 
Texture: The rock is very fine grained and has an inequigranular (vitrophyric) texture.  
 











0.5-2.0 50 Plagioclase Subhedral, extinction angle = 10°, An26 
= oligoclase, lamellar twinning 
0.6-1.0 25 Clinopyroxene Reddish brown colour, subhedral 
0.3-0.5 10 Olivine Subhedral to anhedral 
0.3-0.5 8 Opaques Subhedral, magnetite 
0.4-0.6 7 Chlorite Anhedral, secondary 
 
Texture: The rock is fine grained and has an equigranular texture. The plagioclase grains 
are bladed in shape and have a random orientation. The blocky shaped clinopyroxene grains 
and the plagioclase laths do not enclose each other forming no poikilitic texture. The 
presence of the secondary mineral chlorite indicates alteration. 
 
Rock type: Olivine basalt 
 
 






0.2-2.4 40 Plagioclase An67 = labradorite; subhedral 
0.2-1.2 30 Clinopyroxene Augite; anhedral; brown; simple 
twinning  
<0.2-0.4 20 Calcite Anhedral; vesicular in places 
<0.02 <5 Quartz Subhedral to anhedral; undulose 
extinction (strain shadows) 
<0.2 5 Opaques Anhedral; magnetite, ilmenite 
 
Texture: The fine- to medium-grained (0.2-0.4 mm), inequigranular interlobate rock has 
randomly oriented “spiky” plagioclase laths (infrequently phenocrystic) embedded in anhedral 
augite. Augite and/or plagioclase possibly alters to calcite. Vesicles of well-cleaved 
rhombohedral calcite are surrounded by rims of calcite aggregates. 
 
Rock type: Quartz dolerite 
 
 






0.2-2.4 50 Plagioclase An67 = labradorite; subhedral to 
anhedral; albite & carlsbad twins, rare 
pericline twins 
0.2-3.6 42 Clinopyroxene Augite; anhedral; colourless to pale 
brown; simple twinning  
0.2-1.2 <5 Opaques Magnetite, ilmenite, 
pyrite/chalcopyrite, pyrrhotite? 
<0.01 <3 Quartz Anhedral to subhedral; strain shadows 
 
Texture: This rock is medium-grained (1.0-1.5 mm) and display a granoblastic (granitic) 
texture in which labradorite and augite are intergrown. Augite rims commonly are altered to 
 
 193 
calcite and equigranular opaques encloses other grains. Where plagioclase and augite alters 
to calcite, these grains form a granophyric intergrowth with opaque minerals. 
 
Rock type: Quartz gabbro 
 
 






<0.2-1.0 44 Plagioclase An55 = labradorite; subhedral to 
anhedral; albite & carlsbad twins 
0.2-4.0 30 Clinopyroxene Augite; subhedral to anhedral; 
colourless to grey; untwinned;  zoned 
<0.1-0.4 14 Olivine Intermediate Fe-Mg composition; 
subhedral to anhedral 
<0.1-1.2 10 Opaques Anhedral 
<0.1 <1 Chlorite Subhedral to anhedral; high relief; 
high birefringence 
<0.1 <1 Biotite Subhedral; alteration product? 
 
Texture: The inequigranular rock is fine- to medium-grained (0.5-1.5 mm). Aggregates of 
granoblastic labradorite are vesicle-shaped with coarser grains surrounded by a fine 
groundmass of plagioclase. Plagioclase grains tend to be coarser where clinopyroxene is 
absent. Augite mostly forms phenocrysts (porphyroblastic) and is surrounded by fine 
aggregates of olivine and plagioclase. 
 











<0.1-1.0 45 Plagioclase An57 = labradorite; subhedral to 
anhedral; mostly albite twins, rare 
carlsbad twins; granoblastic 
<0.1-1.0 25 Clinopyroxene Augite; anhedral; weakly pleochroic 
brown; untwinned 
<0.1 15 Olivine Subhedral to anhedral; high relief; 
high birefringence  
<0.1-0.4 10 Opaques Anhedral; probably ilmenite, magnetite 
<0.1 <5 Biotite Orange-brown; no cleavage; present 
with augite 
 
Texture: This rock is inequigranular and fine-grained (0.2-0.4 mm). Labradorite forms “spiky“ 
laths in a matrix of augite and olivine. Areas dominated by fine aggregates of olivine are 
close in contact with augite and notably devoid of plagioclase. Both augite and labradorite 
are porphyroblastic in places. 
 
Rock type: Olivine dolerite (microgabbro) 
 
 






0.1-12.0 42 Plagioclase An75 = bytownite; subhedral to 
euhedral; combination of albite, 
carlsbad & pericline twins; 
granoblastic 
0.5-12.0 32 Clinopyroxene Augite; subhedral to anhedral; pale 
green to pink pleochroic 
<0.5-2.0 <5 Orthopyroxene Enstatite; subhedral to anhedral; 
red-brown 
<0.1-0.4 13 Chlorite,Sericite Subhedral to anhedral; aggregates 
<0.1-1.0 5 Opaques Magnetite, ilmenite 
<0.8 <2 Calcite Subhedral to anhedral 
<0.4 <1 Quartz Anhedral 
 
Texture: The rock is medium-grained (2.5-3.0 mm) and has a blocky texture. Plagioclase 
show zoning (oscillatory twinning) and alters to calcite. Pyroxene alters to aggregates of 
chlorite and sericite. 
 











0.5-12.0 50 Plagioclase An80 = bytownite; euhedral to 
subhedral; combination of albite, 
carlsbad & pericline twins; zoned 
0.5-3.0 20 Orthopyroxene Enstatite; subhedral to anhedral; pale 
yellow-brown 
<0.1-1.0 10 Chlorite Subhedral to anhedral 
<0.1-2.0 10 Opaques Magnetite, ilmenite; anhedral 
0.5-4.0 7 Clinopyroxene  
0.1-0.8 <3 Biotite  
 
Texture: The inequigranular rock is medium-grained (1.0-1.5 mm) and has a interlobate to 
polygonal texture. Complex twins are in plagioclase. Plagioclase grains are zoned and 
display oscillatory twinning with an euhedral core. Augite alters mainly to chlorite. The 
pyroxene formed as an interstitial last phase. 
 
Rock type: Gabbronorite 
 
 






<0.1-3.0 45 Plagioclase An62 = labradorite; euhedral to 
subhedral; complex albite, carlsbad & 
pericline twins 
0.1-4.0 25 Clinopyroxene Augite; subhedral to anhedral; rare 
twins 
<0.1-0.2 20 Olivine Anhedral; interstitial  
<0.5 10 Opaques Magnetite, ilmenite, pyrite, pyrrhotite?; 
anhedral 
 
Texture: The medium-grained (1.0 mm) rock is inequigranular and has a interlobate to 
polygonal texture. Plagioclase grains display complex twins and larger euhedral phenocrysts 
are set in a matrix of randomly oriented plagioclase and interstitial augite and olivine. 
 











0.4-3.0 70 Plagioclase An77 = bytownite; euhedral to 
subhedral; combination of  albite, 
carlsbad & pericline twins 
0.2-5.0 20 Clinopyroxene Augite; anhedral; multiple twins; 
colourless to grey 
<0.1 <5 Chlorite,Calcite Subhedral to anhedral; rims augite 
<0.1 <5 Opaques Subhedral to anhedral; magnetite 
(2%), ilmenite (2%), pyrrhotite?, 
pyrite (1%) 
 
Texture: The inequigranular rock is medium-grained (1.5-2.0 mm) and has a interlobate to 
polygonal texture. Larger plagioclase phenocrysts are set in a matrix of plagioclase and 
augite Plagioclase grains are granoblastic in places. Augite alters to chlorite and calcite 
which forms a rim around the pyroxene and also fills cracks and the parting cleavage of the 
pyroxene. 
 
Rock type: Gabbro 
 
 






0.4-3.0 78 Plagioclase Labradorite, bytownite & rare 
anorthite; euhedral to subhedral; 
complex albite, carlsbad & pericline 
twins 
0.2-3.0 12 Clinopyroxene Augite; subhedral to anhedral; 
colourless to grey 
<0.3 <3 Orthopyroxene Enstatite; subhedral to anhedral; 
higher relief than clinopyroxene 
<0.1 <5 Chlorite,Calcite Subhedral to anhedral 
<0.1 <2 Opaques Ilmenite; anhedral 
 
Texture: The rock is medium-grained (1.0 mm) and has an inequigranular interlobate to 
polygonal texture. Augite alters to chlorite and calcite which forms a rim around the 
pyroxene. Plagioclase grains are granoblastic in places and display complex twinning. 
Multiple twins are present in pyroxene. 
 











0.2-4.0 77 Plagioclase An67 = labradorite; euhedral to 
subhedral; combination of  albite, 
carlsbad & pericline twins 
0.2-3.0 17 Clinopyroxene Augite; anhedral; multiple twins; 
colourless to pale brown; well cleaved 
0.4-2.0 3 Orthopyroxene Enstatite; anhedral; colourless; higher 
relief than clinopyroxene 
<0.1 2 Chlorite Subhedral to anhedral; pleochroic 
brown 
<0.1 1 Opaques Pyrite/chalcopyrite; anhedral 
 
Texture: The medium-grained (1.0-1.5 mm) rock is inequigranular and has a interlobate to 
polygonal texture. Plagioclase grains display complex twins and plagioclase inclusions are 
common in augite. Clinopyroxene tends to surround orthopyroxene. Enstatite alters to 
chlorite 
 
Rock type: Orthopyroxene gabbro 
 
 






0.1-10.0 67 Plagioclase An67 = labradorite; subhedral to 
anhedral; mostly  albite twins, lesser 
pericline twins 
<0.1-0.5 20 Clinopyroxene Augite; subhedral to anhedral 
<0.1-0.4 10 Orthopyroxene Enstatite; subhedral to anhedral; 
lower birefringence and higher relief 
than clinopyroxene 
<0.1-.04 3 Opaques Magnetite, ilmenite; subhedral to 
anhedral 
 
Texture: This rock is inequigranular, fine- to medium-grained (0.2-1.5 mm) and forms an 
interlobate to polygonal texture. Porphyritic phenocrysts of subhedral labradorite is set in an 
equigranular granoblastic matrix of pyroxene and plagioclase. Large phenocrysts of 
plagioclase display undulatory extinction. 
 











0.1-1.4 45 Plagioclase Subhedral to anhedral; albite & pericline 
twins, compositionally zoned 
0.1-1.5 35 Quartz  Subhedral to anhedral 
0.1-1.5 10 Hornblende Subhedral to anhedral; pleochroic green-
brown to green 
0.1-1.0 <5 K-feldspar Subhedral to anhedral; core of zoned 
plagioclase 
<0.1-0.4 <4 Opaques Magnetite; anhedral 
<0.1 <1 Biotite Subhedral 
 
Texture: The inequigranular rock is fine- to medium-grained (0.1-1.5 mm) and has an 
interlobate and granophyric texture. Intergrown plagioclase and quartz forms vermicular 
grains/blebs. Hornblende alters to biotite. 
 
Rock type: Tonalite 
 
 






0.1-1.4 45 Plagioclase Subhedral to anhedral; albite & pericline 
twins 
0.1-1.5 35 Quartz  Subhedral to anhedral 
0.1-1.5 10 K-feldspar Subhedral to anhedral; core of zoned 
plagioclase 
0.1-1.0 5 Hornblende Subhedral to anhedral 
<0.1-0.4 <3 Opaques Magnetite; anhedral 
<0.1 <2 Biotite Subhedral to anhedral 
 
Texture: The fine- to medium-grained (0.1-1.5 mm) inequigranular rock has an interlobate 
texture. Hornblende alters to biotite. 
 











0.2-10.0 45 Plagioclase An60 = labradorite; subhedral; 
combination of  albite, carlsbad & 
pericline twins; compositionally zoned 
0.2-3.0 35 Clinopyroxene Augite; anhedral; pale brown 
0.2-1.5 10 Orthopyroxene Enstatite; anhedral; pale brown; 
higher relief than clinopyroxene 
<0.1-2.0 5 Opaques Magnetite, ilmenite, pyrrhotite?, 
pyrite/chalcopyrite; subhedral to 
anhedral 
<0.2 3 Chlorite Subhedral; clusters/aggregates 
<0.2 2 Biotite Rare; associated with chlorite 
 
Texture: The rock is fine- to medium-grained (0.2-1.5 mm) and has an inequigranular 
interlobate to polygonal and porphyritic texture. Large phenocrysts of plagioclase are set in a 
groundmass of pyroxene and plagioclase. Enstatite alters to chlorite and biotite which 
replaces the orthopyroxene crystals. Interstitial  pyroxene (especially clinopyroxene) are in 
the labradorite and augite. The plagioclase grains have a lath-like habit. 
 
Rock type: Gabbronorite 
 
 






0.2-4.0 50 Plagioclase An62 = labradorite; subhedral; 
complex albite, carlsbad & pericline 
twins 
0.4-2.0 36 Clinopyroxene Augite; anhedral; pale brown; simple 
twins 
0.2-2.0 7 Orthopyroxene Enstatite; anhedral; pale brown 
<0.1-2.0 3 Opaques Magnetite, ilmenite?; subhedral to 
anhedral 
<0.2 3 Chlorite Subhedral; clusters/aggregates 
<0.2 1 Biotite Rare; associated with chlorite 
 
Texture: The rock is fine- to medium-grained (0.2-1.0 mm) and has an inequigranular 
interlobate to polygonal and porphyritic texture. Large phenocrysts of plagioclase are set in a 
groundmass of pyroxene and plagioclase. Enstatite alters to chlorite and biotite. 
 











0.4-4.0 50 Plagioclase An60 = labradorite; euhedral to 
subhedral; combination of albite, 
carlsbad & pericline twins; 
compositionally zoned 
0.5-3.0 40 Olivine Anhedral 
0.2-1.0 2 Clinopyroxene Augite?; subhedral to anhedral; pale 
brown 
0.4-1.0 2 Orthopyroxene Enstatite?; subhedral to anhedral; 
pale brown 
<0.1 3 Chlorite Subhedral; clusters/aggregates 




Texture: This fine- to medium-grained (0.5-2.0 mm) rock is inequigranular and has an 
polygonal to interlobate texture. Roughly aligned tabular plagioclase are platy in habit and 
form a mosaic of interlocking grains. Orthopyroxene alters to chlorite and lesser calcite which 
replaces the orthopyroxene crystals. Olivine alters to serpentinite and carbonates which 
forms a rims around the anhedral crystal of olivine. 
 
Rock type: Troctolite 
 
 






0.4-2.0 45 Plagioclase An60 = labradorite; euhedral to subhedral; 
albite & carlsbad twins, compositionally 
zoned; porphyritic 
<0.1-2.7 35 Quartz  Anhedral 
0.2-0.5 8 K-feldspar Euhedral to subhedral; core of zoned 
plagioclase 
0.2-2.0 7 Hornblende Subhedral to anhedral; pleochroic green; 
poor cleavage; simple twins 
<0.1-0.7 5 Opaques Magnetite; anhedral to subhedral 
 
Texture: The inequigranular rock is fine- to medium-grained (0.2-2.0 mm) and has a 
polygonal to interlobate and granophyric texture. Intergrown plagioclase and quartz forms 
vermicular grains/blebs. Large phenocrysts of plagioclase and amphibole are set in a 
equigranular groundmass of plagioclase, amphibole and quartz. Plagioclase is highly 
altered/weathered to sericite and hornblende to chlorite. In places randomly oriented needles 
comprise labradorite. 
 











<0.1 55 Plagioclase Anhedral to subhedral; lath-like habit 
<0.1 15 Opaques Anhedral to thin streaks, needle-like 
<0.1 20 Quartz  Anhedral 
<0.1 10 Chlorite,Sericite Anhedral to subhedral; core of zoned 
plagioclase 
 
Texture: This microcrystalline rock is inequigranular, very fine-grained (<0.1 mm) and has a 
spiky texture. Acicular needles of plagioclase and opaque minerals are set in a groundmass 
of plagioclase, chlorite, sericite and quartz. Chlorite is probably derived from clinopyroxene. 
 
Rock type: Microgabbro 
 
 






0.4-1.5 45 Plagioclase Subhedral to anhedral; albite twins; lath-
like; very weathered 
0.1-0.4 35 Quartz  Subhedral to anhedral; rare triple points; 
undulose extinction 
0.1-0.5 7 Chlorite Subhedral to anhedral; lath-like or 
clusters 
<0.1-0.4 5 Opaques Anhedral to subhedral 
0.1-0.4 <5 K-feldspar Anhedral; very weathered 
(saussuritized); altered 
0.1-0.3 3 Biotite Subhedral to anhedral; lath-like 
 
Texture: The inequigranular rock is fine- to medium-grained (0.2-1.5 mm) and has an 
interlobate to amoeboid and granophyric (radial) texture. Chlorite is probably derived from 
clinopyroxene and the biotite from hornblende. Biotite is closely associated with the opaque 
minerals. 
 











0.2-1.5 50 Plagioclase An65 = labradorite; euhedral to 
subhedral; albite & carlsbad twins; 
lath-shaped 
<0.1-0.8 30 Clinopyroxene Augite; anhedral; colourless to pale 
brown 
<0.1 10 Opaques Anhedral 
<0.1-0.2 8 Biotite Subhedral to anhedral; pleochroic 
brown 
0.1-0.2 <2 Quartz  Anhedral; strain shadows 
 
Texture: This fine- to medium-grained (0.2-1.5 mm) rock is inequigranular and has an 
polygonal to interlobate and porphyritic texture. Acicular needles of plagioclase are set in a 
equigranular and microcrystalline groundmass of pyroxene, plagioclase and biotite. Larger 
lath-shaped labradorite phenocrysts form a spiky texture.  
 
 
Rock type: Microgabbro 
 
 






0.1-1.5 45 Plagioclase An65 = labradorite; euhedral to 
subhedral; albite & carlsbad twins; 
lath-shaped 
0.2-0.4 38 Clinopyroxene Augite; subhedral to anhedral; pale 
brown 
<0.1-0.4 10 Opaques Anhedral 
0.1-0.2 <5 Quartz  Anhedral 
<0.1 2 Chlorite Subhedral; clusters/aggregates 
 
Texture: This fine- to medium-grained (0.3-1.5 mm) rock is inequigranular and has an 
polygonal to interlobate and porphyritic texture. Acicular needles of plagioclase are set in a 
equigranular and microcrystalline groundmass of pyroxene, plagioclase and chlorite. Larger 
lath-shaped labradorite phenocrysts form a spiky texture. Chlorite is replacing augite. 
 
Rock type: Dolerite 
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<.01-0.4 55 Feldspar Alkali feldspar and plagioclase; 
subhedral 
<0.1-4.0 20 Quartz Subhedral to anhedral 
0.1-2.0 5 Biotite Subhedral; pleochroic brown 
<0.1-0.4 20 Opaques Magnetite?; euhedral to anhedral 
Texture: The inequigranular rock is very fine-grained (<0.1 mm). Larger phenocrysts of 
quartz, opaques and biotite (porphyritic texture) is set in a very fine-grained (microcrystalline) 
matrix of feldspar, quartz and possibly volcanic glass. Microcrystalline feldspars are aligned 
parallel to flow banding and also arranged parallel to the phenocryst edges. 
Rock type: Rhyolite 
